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CONVERSION FACTORS

The inch-pound system of units is used in this report. For readers who 
prefer metric units, the conversion factors for the terms used in this report 
are listed below:

Multiply By

acre 0.4047 
a^cre-ft (acre-foot) 0.001233 
acre-ft/yr (acre-foot 0.001233

per year)
ft (foot) 0.3048 
ft/d (foot per day) 0.3048 
(ft/d)/ft (foot per day 0.3048

per foot)
ft2 /d (foot squared per day) 0.0929 
ft/mi (foot per mile) 0.1894 
ft 3 /s (cubic foot per second) 0.02832 
ft/s (foot per second) 0.3048 
(gal/d)/ft (gallon per 0.01242

day per foot)
gal/min (gallon per minute) 0.06309 
(gal/min)/ft (gallon per 0.207

minute per foot)
in (inch) 25.4 
in/yr (inch per year) 25.4 
mi (mile) 1.609 
mi 2 (square mile) 2.590

To obtain

square hectometer 
cubic hectometer 
cubic hectometer per

year 
meter
meter per day 
meter per day per meter

meter squared per day 
meter per kilometer 
cubic meter per second 
meter per second 
meter squared per day

liter per second 
liter per second per

meter 
millimeter
millimeter per year 
kilometer 
square kilometer

National Geodetic Vertical Datum of 1929 is a geodetic datum derived from the 
average sea level over a period of many years at 26 tide stations along the 
Atlantic, Gulf of Mexico, and Pacific Coasts and as such does not necessarily 
represent local mean sea level at any particular place. To establish a more 
precise nomenclature, the term "NGVD of 1929" is used in place of "Sea Level 
Datum of 1929" or "mean sea level."
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DEVELOPMENT AND USE OF A MATHEMATICAL MODEL OF THE 

SAN BERNARDINO VALLEY GROUND-WATER BASIN, CALIFORNIA

By William F. Hardt and C. B. Hutchinson

ABSTRACT

A considerable part of the San 
Bernardino urbanized area overlies 
formerly swampy lands with a history 
of flowing wells. This area, up- 
gradient from and adjacent to the San 
Jacinto fault, contains a zone in an 
alluvial ground-water basin that is 
under artesian pressure. Since about 
1945, withdrawals have exceeded re­ 
charge and caused head declines of 
more than 100 feet.

Artificial recharge of imported 
northern California water in the up- 
gradient areas may cause ground- 
water levels to rise, which could 
cause abandoned but unplugged arte­ 
sian wells to resume flowing. If this 
should happen, structures, partic­ 
ularly building foundations and base­ 
ments, could be subject to damage.

A two-layer Galerkin finite-element 
digital model was used for predicting 
the rate and extent of the rise in 
water levels from 1975 to 2000. Six 
hydrologic conditions were modeled 
for the basin. Artifical recharge of 
one-half entitlement and full entitle­ 
ment from the California Aqueduct 
were each coupled with low, average, 
and high natural recharge to the 
basin.

According to model predictions, the 
greatest water level rises will be 
along the San Bernardino Mountain 
front. This area encompasses the 
artificial recharge sites and also has a 
thick section of unsaturated sediments 
for storing ground water. The for­ 
merly swampy lands between Warm 
Creek and the Santa Ana River ad­ 
jacent to the San Jacinto fault have 
little additional storage capacity, and 
water levels could rise to the land 
surface as early as 1983 under maxi­ 
mum recharge conditions and 1970-74 
average pumping conditions. If 
pumping rates are reduced in the 
Warm Creek area, water levels may 
rise to land surface prior to the dates 
predicted by the model, regardless of 
the artificial-recharge program.

INTRODUCTION

The San Bernardino Valley (fig. 1) 
is in the service area of the Cali­ 
fornia Water Project. The Project 
comprises a major system of storage 
and conveyance facilities for ex­ 
porting water from northern California 
to water-deficient areas elsewhere in 
the State (California Department of 
Water Resources, 1957). The arti­ 
ficial recharge of this water imported 
to the valley could create problems 
for the current basin water- 
management program, and it is imper­ 
ative that the potential effects on the 
natural hydrologic system be known.

Historically, the valley has had an 
ample supply of ground water derived 
from stream runoff, primarily from 
the San Gabriel and San Bernardino 
Mountains. This water moves toward 
the southwestern part of the valley 
where the San Jacinto fault acts as a 
barrier to ground-water flow. This 
barrier causes upward movement of 
ground water that, prior to extensive 
pumping, resulted in about 10 mi 2 of 
marshland northeast of the fault.

In the 1870's, test drilling revealed 
that the aquifer underlying the marsh­ 
land was under artesian pressure and 
that wells would flow with heads more 
than 50 ft above land surface. This 
abundant supply of flowing water led 
to increased agricultural development. 
In the late 1940's a combination of 
below-normal precipitation and in­ 
creased ground-water pumping re­ 
sulted in a lowering of the potenti- 
ometric head. The artesian water 
levels are currently (1979) 50 to 150 
ft below land surface, and the 
swampy areas are dry.
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A considerable part of the urban­ 
ized San Bernardino area is built over 
the formerly swampy lands that con­ 
tained flowing wells. Many wells in 
this area were abandoned but were 
not plugged or destroyed. Some 
wells are presumed to be buried be­ 
neath buildings and roads. Serious 
problems could occur if artificial re­ 
charge of imported water, combined 
with natural recharge, resulted in the 
artesian heads in these wells again 
extending above the land surface. If 
abandoned wells flow or if the soil 
becomes waterlogged, buildings, pu­ 
blic works, and utilities could be 
damaged. The potential for lique­ 
faction from seismic shaking exists in 
all alluviated parts of the study area, 
but this danger is of concern particu­ 
larly in sandy and silty soil within 
the swampy area if water levels ap­ 
proach land surface (Fife and others, 
1976, p. 10).

In 1954 the San Bernardino Valley 
Municipal Water District (SBVMWD) 
was organized to provide supplemental 
water for the San Bernardino area to 
alleviate the depletion of local ground- 
water supplies. The Water District 
contracted with the California Depart­ 
ment of Water Resources for a maxi­ 
mum entitlement of 48,000 acre-ft of 
imported water in 1973, increasing 
annually to 102,600 acre-ft by 1990. 
By controlling the quantity and dis­ 
tribution of this imported water for 
artifical recharge, the Water District 
plans to optimize the storage in the 
basin. Overfilling the basin must be 
avoided to prevent damage from rising 
ground water.

Purpose and Scope

This study was done in cooperation 
with the SBVMWD. The primary pur­

pose was to evaluate the aquifer re­ 
sponse (rising ground-water levels), 
with time, caused by the combined 
effects of natural recharge to the 
valley, artificial recharge of imported 
water, and ground-water pumping, 
particularly in the confined area of 
the San Bernardino Valley. The tool 
used to evaluate these hydrologic re­ 
lations is a finite-element mathematical 
model. The model provides the infor­ 
mation necessary to define water- 
management alternatives pertaining to 
distribution, location, and amount of 
recharge and pumping in order to 
avoid the possible detrimental effects 
of ground-water levels rising to near 
land surface in urbanized San Ber­ 
nardino.

An initial effort to evalute the 
aquifer response was developed by 
Durbin and Morgan (1978). They de­ 
scribed the development and use of a 
mathematical well-response model. 
The model simulates water-level 
changes that would occur in selected 
wells as the result of artificial re­ 
charge to the ground-water basin. 
The well-response model was used to 
generate a series of water-level hy- 
drographs representing the response 
of ground water in the basin to vari­ 
ous combinations of pumping rates, 
artificial-recharge rates, and natural- 
recharge rates.

The scope of this study involved 
three phases of activity: (1) Orga­ 
nizing and evaluating the geohydro- 
logic data in order to develop a con­ 
ceptual model of the ground-water 
basin of the San Bernardino Valley; 
(2) developing a steady-state and 
transient-state digital-computer model 
of the basin; and (3) using the com­ 
puter model to predict ground-water 
levels under selected management 
schemes, primarily in the artesian 
areas of the basin.



Location and General Features

San Bernardino Valley is a semiarid 
inland valley in southwestern San 
Bernardino County, about 60 mi east 
of Los Angeles. The term "San Ber­ 
nardino Valley" was first used by 
Mendenhall (1905, p. 9) for an area of 
indefinite limits beyond the San Ber­ 
nardino area. Eckis (1934, p. 153) 
applied the term to that part of the 
upper Santa Ana Valley east of the 
San Jacinto fault. Dutcher and 
Garrett (1963, p. 17) further re­ 
stricted the term to the area used 
and defined for this study. The 
model area covers about 120 mi 2 and 
lies in a northwest-pointing wedge 
formed between the San Andreas and 
San Jacinto faults (fig. 1). The 
valley is bordered on the northwest 
by the San Gabriel Mountains, on the 
northeast by the San Bernardino 
Mountains, on the south by the Bad­ 
lands and the Crafton Hills, and on 
the southwest by a low east-facing 
escarpment of the San Jacinto fault. 
Broad alluvial fans, which extend 
from the base of the mountains and 
hills that surround the valley, co­ 
alesce to form a broad, sloping allu­ 
vial plain in the central part of the 
valley. The land surface slopes gen­ 
erally to the southwest with gradients 
ranging from 75 to 150 ft/mi on the 
edges of the basin and from 30 to 
50 ft/mi in the central part near the 
San Jacinto fault.

The ground-water reservoir in the 
valley consists of alluvial deposits of 
sand, gravel, and boulders inter­ 
spersed with lenticular deposits of silt 
and clay. The maximum depth to 
bedrock is about 1,200 ft below land 
surface. In the southwestern part of 
the valley, adjacent to the San 
Jacinto fault, the unconsolidated de­ 
posits contain numerous clay layers 
that act as leaky confining beds. 
Previous investigators (Dutcher and 
Garrett, 1963) acknowledged that in­ 
dividual sand and clay units could be

correlated for only short distances, 
but they did recognize three aqui­ 
fers, each separated by 50 to 300 ft 
of clay and silt. A clay layer up- 
gradient of the San Jacinto fault con­ 
fines the aquifer system over about 
25 mi 2 of the central part of the 
valley. The position of the demar­ 
cation line between the confined and 
unconfined parts of the aquifer 
changes constantly because of the 
varying recharge-discharge relation 
within the ground-water basin. In 
the confined area are the formerly 
swampy lands, comprising about 10 
mi 2 , near Warm Creek and the Santa 
Ana River.

Mechanisms for recharging the 
ground-water basin are infiltration 
from streams, ground-water inflow 
and percolation of irrigation returns, 
and precipitation on the valley floor. 
Streams contribute most of the re­ 
charge to the basin, and irrigation 
return has become less important as 
agricultural lands become urbanized. 
Three main tributary streams con­ 
tribute more than 60 percent of the 
recharge to the ground-water system; 
they are the Santa Ana River, Mill 
Creek, and Lytle Creek. Lesser con­ 
tributors include Cajon Creek, Devil 
Canyon Creek, Waterman Canyon-East 
Twin Creek, City Creek, Plunge 
Creek, and San Timoteo Creek. 
Ground-water inflow, estimated to be 
less than 10 percent of the total re­ 
charge, occurs only from the Bad­ 
lands in the southeastern part of the 
study area. Precipitation on the 
valley floor is of even less importance 
to basin recharge.

Within the study area are several 
faults and other barriers that restrict 
ground-water movement, and water- 
level differences across these restric­ 
tions are 50 ft or more. Some faults 
are only partial barriers to ground- 
water movement, such as the Loma 
Linda fault in specific areas or Fault 
K in the deeper part of the basin 
(fig. 1).



Well-Numbering System

Wells are numbered according to 
their location in the rectangular sys­ 
tem for subdivision of public land. 
For example, in the well number 
1S/1W-2P1, the part of the number 
preceding the slash indicates the 
township (T. 1 S.); the number and 
letter following the slash indicate the 
range (R. 1 W.); the number fol­ 
lowing the hyphen indicates the sec­ 
tion (sec. 2); the letter following the 
section number indicates the 40-acre 
subdivision of the section according 
to the lettered diagram below. The 
final digit is a serial number for wells 
in each 40-acre subdivision. The 
area lies entirely in the northwest 
and southwest quadrants of the San 
Bernardino base line and meridian.
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CONCEPTUAL MODEL

The development of a sound concep­ 
tual model of the San Bernardino 
Valley ground-water basin is prereq­ 
uisite to the development of a repre­ 
sentative mathematical model. The 
components of the conceptual model 
include:

1. Definition of the aquifer sys­

tem—Thickness and areal extent of 
aquifers and confining beds were esti­ 
mated from analyses of lithologic and 
geophysical logs and published data.

2. Model boundaries—The peri­ 
meter of the aquifer system was se­ 
lected on the basis of its geologic and 
hydrologic characteristics, partic­ 
ularly faults, and partitioned into 
no-flow and constant-flow segments.

3. Aquifer parameters—Transmis- 
sivity, storage, and leakage were 
estimated from pumping tests of wells, 
lithologic logs, and published data 
from comparable areas.

4. Surface-water movement—The 
amount and distribution of surface- 
water inflow to and outflow from the 
basin were determined from gaging- 
station records and estimated for un- 
gaged streams.

5. Ground-water levels and move­ 
ment—The direction and amount of 
ground-water flow were estimated 
from water-level maps and a knowl­ 
edge of the hydraulic properties of 
the aquifer system. Water-level data 
for selected wells were obtained from 
computerized historical records.

6. Water budget—Conditions of 
recharge, discharge, and storage in 
the basin were estimated from stream- 
flow, pumpage, weather, and water- 
level records.

The components of the conceptual 
model were idealized under steady- 
state and transient-state conditions. 
Calibration of the mathematical model 
consisted of refining the estimates of 
the components of the conceptual 
model until model-generated water 
levels matched observed water levels.



Definition of the Aquifer System

For the purpose of this study, rock 
units have been classified, according 
to their ability to yield water, as (1) 
consolidated rocks (basement complex) 
that are virtually non-water-bearing, 
(2) poorly consolidated alluvial and 
lacustrine deposits that yield small 
quantities of ground water, and (3) 
unconsolidated deposits of water-bear­ 
ing alluvium and river-channel fill 
that yield large quantities of ground 
water.

The consolidated rocks underlie the 
alluvium and river-channel deposits 
and make up the bordering hills and 
mountains. These rocks are nearly 
impermeable except where fractured 
or weathered and are not an impor­ 
tant source of ground water. They 
are important to the aquifer system 
because they surround the valley area 
at higher altitudes and receive the 
major part of the precipitation that 
falls within the drainage area. The 
runoff from these surrounding areas 
flows onto the steep alluvial fans and 
permeable unconsolidated deposits and 
contributes the largest quantity of 
recharge to the ground-water basin.

The poorly consolidated alluvial and 
lacustrine deposits crop out in the 
southern part of the study area be­ 
tween the San Jacinto fault and the 
Crafton Hills. These deposits are 
composed of sand, gravel, silt, and 
clay but are older, more consolidated, 
and yield much less water than the 
younger unconsolidated alluvial de­ 
posits. The hydraulic properties of 
these deposits were described by 
Dutcher and Fenzel (1972). Well 
yields were generally less than 400 
gal/min, well specific capacities 
ranged from 1 to 10 (gal/min)/ft of 
drawdown, and aquifer hydraulic con­ 
ductivity ranged from 7 to 29 ft/d.

The unconsolidated deposits con­ 
stitute the reservoir for storing large 
quantities of water beneath the land 
surface for later withdrawal by pump­ 
ing. These deposits consist of 
younger and older alluvium composed 
of gravel, sand, silt, and clay. In

general, the alluvium closer to the 
mountains is coarser but more poorly 
sorted than the alluvium farther from 
the mountain front. The better 
sorted zones of sand and gravel are 
more permeable and, where saturated, 
yield water freely to wells. The 
river-channel fill overlies the alluvium 
in the major stream channels. These 
deposits are highly permeable, and as 
a result, there are large seepage 
losses from streams to the ground- 
water basin. Sites where such de­ 
posits occur are therefore highly use­ 
ful as spreading grounds. The hy­ 
draulic properties of these deposits 
were described by Dutcher and 
Garrett (1963, p. 51-56). Well yields 
were as much as 2,000 gal/min, well 
specific capacities averaged 20 to 35 
(gal/min)/ft of drawdown, and hy­ 
draulic conductivity ranged from 40 to 
94 ft/d.

The base of the ground-water re­ 
servoir was determined from about 280 
of the deepest of 1,300 water-well 
drillers' logs examined (California 
Department of Water Resources, 
1971). The base was fixed either at 
the consolidated basement-complex 
rocks or at the unconsolidated de­ 
posits that, because of low-permeabil­ 
ity material such as clay or cemented 
gravel, preclude withdrawal of large 
quantities of water. From this in­ 
formation the thickness of the water­ 
bearing deposits within the alluvium 
was compiled by Fife and others 
(1976). Figure 2 is modified from the 
work of these investigators and shows 
the areas of greatest thickness of 
water-bearing deposits.

The greatest thickness of water­ 
bearing deposits is more than 1,200 ft 
and occurs adjacent to the northeast 
side of the San Jacinto fault between 
San Bernardino and the Santa Ana 
River. This area coincides with the 
formerly swampy land within the con­ 
fined area. From here the basin de­ 
posits generally become progressively 
thinner northwest toward the San 
Gabriel Mountains, north toward the 
San Bernardino Mountains, and north­ 
east toward the Mill Creek area.



The general area of confined water 
was originally defined by Mendenhall 
(1905) and later by Dutcher and 
Garrett (1963), based on their knowl­ 
edge of the hydrology and extent of 
the confining clay bed. These inves­ 
tigators realized that the area of the 
confining clay bed is not static but 
varies depending on the variations in 
inflow-outflow relations. The con­ 
fined area, as defined by Durbin and 
Morgan (1978, p. 7), was used as a 
guideline in this model in order to 
utilize the same nodal points for con­ 
tinuity. For this study, however, a 
detailed analysis was made of the 
driller's logs to precisely define the 
vertical and lateral extent of the 
major confining clay bed in the Warm 
Creek area. This analysis was of 
primary importance to the basin hy­ 
drology and to the model because an 
extensive confining clay layer sepa­ 
rates the upper and lower aquifers in 
the central part of the valley. Figure 
3 shows that this clay layer is more 
than 300 ft thick in the central part 
of the area of ground-water confine­ 
ment and thins toward the upland 
parts of the valley. The surface of 
the clay layer ranges from 1,200 ft 
above sea level in the upper reaches 
of the Santa Ana River valley to less 
than 700 ft above sea level at the San 
Jacinto fault, a slope of about 120 
ft/mi to the southwest.

A near-surface deposit with low 
hydraulic conductivity acts as a con­ 
fining member above the upper aqui­ 
fer in the confined part of the valley 
in the Warm Creek area. This shal­ 
low clay cap was identified when wells 
drilled only 50 to 100 ft yielded flow­ 
ing water. The confining member is

discontinuous; it may be absent, 
thinner, or locally leaky near Warm 
Creek (Dutcher and Garrett, 1963, p. 
63).

To further define the aquifer sys­ 
tem for model representation, six geo­ 
logic sections were constructed by 
interpreting selected water-well dril­ 
lers' logs (figs. 4-7). These sections 
show the extensive confining clay 
layer that was used to separate the 
confined part of the basin into two 
model layers. This confining unit is 
predominantly clay but includes some 
sand and gravel lenses. The upper 
model layer (layer 1) is above the 
clay layer, and the lower model layer 
(layer 2) is below the clay layer. All 
the sections show that the greatest 
thickness of water-bearing deposits is 
in layer 2 (beneath the clay layer as 
represented by the lower model 
layer).

Although a previous study (Dutcher 
and Garrett, 1963) recognized two 
artesian aquifers beneath the major 
clay layer, all lower artesian aqui­ 
fers, if present, were grouped into 
one system (layer 2) because of com­ 
puter limitations. This concept of 
representing the basin by a two-layer 
model was strengthened by a test well 
(1S/4W-10B1) (figs. 2 and 3). This 
well was drilled in the confined area 
to a depth of 875 ft and bottomed in 
bedrock. The alluvium was 825 ft 
thick, and only two aquifers were 
encountered. Unconfined to confined 
conditions prevail in the aquifer from 
land surface to a depth of 344 ft. 
Between 344 and 616 ft a confining 
clay bed was encountered, with con­ 
fined conditions in the aquifer below 
616 ft.
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FIGURE 4. — Geologic sections A-A 1 and B-B' 
See figure 3 for location of sections.
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Boundaries

Two concepts apply to model bound­ 
aries. First, they define the geo­ 
graphic area to be considered. Sec­ 
ond, the conditions assigned at these 
boundaries (specified flow or specified 
head) affect the computed water 
levels. The general boundary of the 
model coincides primarily with faults 
and other barriers consisting of 
either no-flow segments along consoli­ 
dated-rock boundaries or constant- 
flow segments in the unconsolidated 
or poorly consolidated deposits where 
ground water flows across or over the 
faults. In areas where fault bound­ 
aries are missing and the unconsol­ 
idated and poorly consolidated de­ 
posits extend beyond the model study 
area, the model boundaries were

FIGURE 6.—Geologic section E-E 1 . See figure 3 for

chosen so the cause-and-effect rela­ 
tions (pumpage and recharge) outside 
the model would have a minimal effect 
on the flow system inside the model 
area.

A no-flow boundary was assigned to 
the front of the San Bernardino 
Mountains along the San Andreas fault 
zone, except where the numerous 
streams enter the alluvial basin. 
These streams are modeled as con­ 
stant-flow boundaries through which 
surface flow and underflow enter the 
model area as recharge. Barrier E 
along the northwest side of the model 
has an extremely low transmissivity 
and was considered a no-flow bound­ 
ary (fig. 1). A barrier is defined as 
a subsurface obstruction to the flow 
of ground water that cannot be map­ 
ped because of the lack of surface

14



-400'

ocation of section.

evidence.
Constant-flow segments of the model 

boundary were assigned for areas of 
recharge or discharge. Discharge as 
ground-water underflow across the 
San Jacinto fault ranged from 14,300 
to 18,000 acre-ft/yr in the period 
1938-49 (Dutcher and Garrett, 1963, 
p. 105). To simplify the model, a 
constant outflow of 15,200 acre-ft/yr 
was used. This was justified because 
the yearly differences in underflow 
were small compared to the total basin 
discharge. Recharge as ground-water 
underflow across the Crafton fault 
ranged from 8,150 to 5,350 acre-ft/yr 
in the period 1927-67 (Dutcher and 
Fenzel, 1972, p. 29).

In the unconsolidated water-bearing 
deposits of the basin are other geol­ 
ogic configurations that affect ground-

15

water flow and must be considered in 
modeling. They include faults and 
barriers, consolidated-rock highs or 
lows, and extensive clay beds. Gen­ 
erally, the faults and barriers are 
zones of low hydraulic conductivity 
(permeability) and behave as dams to 
ground-water flow. The interior 
faults are modeled with different 
transmissivities for layers 1 and 2, 
depending on the measured water 
levels across the impediment, the 
depth to water, and the geologic envi­ 
ronment at the fault. Where the con­ 
solidated rocks are at or near land 
surface the alluvial deposits are thin 
and transmissivity is low. The con­ 
fining clay layer in the artesian area 
separates the upper and lower model 
layers. The bottom of the water­ 
bearing alluvium or the top of the 
consolidated rocks is considered as 
the bottom of the model on the basis 
of permeability contrasts along this 
interface.

Aquifer Parameters

Values of transmissivity and storage 
coefficient for the water-bearing de­ 
posits and leakage coefficient for con­ 
fining clay bed are required to model 
this valley. Aquifer transmissivity 
throughout the valley and storage 
coefficient for the part of the valley 
where the aquifer is unconfined were 
derived by the California Department 
of Water Resources (1971). Estimates 
of transmissivity were based on well 
specific-capacity tests. Storage coef­ 
ficient, which for an unconfined aqui­ 
fer is equated to specific yield, was 
derived by assigning yield values to 
the different materials recorded on a 
driller's log and computing a total 
value. About 1,100 well-drillers' logs 
were used in these storage-coefficient 
calculations. The storage coefficient 
for the confined part of the valley 
was determined from aquifer perform­ 
ance tests in the study area and 
other areas with similar sediments. A 
confined-aquifer storage coefficient 
may be thousands of times smaller 
than an unconfined-aquifer specific- 
yield value and represents a pressure 
response rather than a dewatering of
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the sediments. Leakage of water 
through the confining bed was com­ 
puted by the mathematical model from 
inputs of vertical hydraulic conduct­ 
ivity (permeability) and thickness of 
the bed as developed specifically for 
this study.

Based on several interrogations of 
the mathematical model, these initial 
values of aquifer characteristics were 
adjusted and refined during the cali­ 
bration period. The changes were 
generally reasonable and the values 
were consistent with the prototype 
system.

The final values of aquifer trans- 
missivity for the basin were reduced 
in some areas by a maximum of about 
20 percent from the initial values. 
Transmissivities ranged from 670 ft2 /d 
(5,000 [gal/d]/ft) along the San 
Bernardino Mountain front to 66,800 
ft2 /d (500,000 [gal/d]/ft) in the 
center of the basin in the confined 
area. Where the faults are barriers 
to ground-water movement, transmis- 
sivities of less than 670 ft2 /d were 
modeled, based primarily on head 
drop across the fault.

The aquifer transmissivity repre­ 
senting the total thickness of the 
water-bearing alluvium was propor­ 
tioned to the two layers of the model. 
Generally, in the unconfined part of 
the basin where confining layers are 
absent, the transmissivity values were 
arbitrarily divided about evenly be­ 
tween the two layers. In the con­ 
fined zone in the south-central part 
of the valley, the lower layer (layer 
2) includes all water-bearing deposits 
beneath the confining clay member 
and has a higher transmissivity value 
because of greater aquifer thickness. 
Any decrease in permeability with 
depth, due to compaction of inter- 
bedded clays and silts, was con­ 
sidered to be insignificant.

Figures 8 and 9 show the configura­ 
tion and range of transmissivity va­ 
lues used in the model for the upper 
(layer 1) and lower (layer 2) layers 
respectively. The maps show that 
the faults and barriers are charac­ 
terized by low transmissivities in the 
lower layer. Some of the faults or 
barriers do not reach the land sur-
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face, and some ground water moves 
over the top of the barrier through 
permeable sediments, as represented 
by the upper layer in the model.

The fault representations in the 
model extend beyond the known oc­ 
currence of the actual faults in some 
instances. Where the fault extension 
is not presently warranted, the fault 
and adjacent aquifers were modeled at 
the same transmissivity values to ne­ 
gate improper influence of the fault 
on the ground-water flow system. If 
future studies indicate that the fault 
extends beyond its present limits, the 
model transmissivity for the fault can 
be changed.

Values of aquifer storage coef­ 
ficients used in the model ranged 
from 0.15 in the unconfined part of 
the valley to 0.0001 in the confined 
aquifer (fig. 10). The storage coef­ 
ficients in the upper layer (layer 1) 
are generally typical of unconfined 
aquifers except in the central part of 
the confined area. Here, clay beds 
near the surface cause some confine­ 
ment, and the upper aquifer has stor­ 
age coefficients typical of confined 
aquifers. The storage coefficients in 
the lower layer (layer 2) are typical 
of artesian conditions except on the 
northwest and southeast edges of the 
model where clay layers are absent 
and unconfined conditions prevail at 
depth. From the basin boundaries to 
the center of the confined area be­ 
neath the clay body, the storage coef­ 
ficients are progressively smaller.

The confining bed is a semiperme- 
able layer through which ground 
water is conveyed or leaked between 
the underlying (layer 2) and the 
overlying (layer 1) aquifers. Leak­ 
age, expressed as the "leakance coef­ 
ficient," is the ratio of hydraulic con­ 
ductivity to the thickness of the con­ 
fining bed. The leakance coefficient 
in the confined part of the valley 
ranged from 0.0012 to 0.00009 
(ft/d)/ft. In the unconfined part of 
the valley, the confining bed was 
assumed to be 1 ft thick, and the 
leakance coefficient was assigned a 
constant 0.03 (ft/d)/ft, based on 
sparse field data and studies in near­ 
by areas of comparable geology.
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The values of transmissivity, stor­ 
age coefficient, and leakance coef­ 
ficient used in each layer of the 
model for the 296 elements that com­ 
pose the study area are shown in the 
section on "Hydraulics Data for 
Model."

Surface-Water Movement

Practically all the surface inflow to 
the valley along the San Gabriel and 
San Bernardino Mountain fronts is 
measured at selected gaging stations 
(fig. 11) as is the outflow of Warm 
Creek, Lytle Creek, and the Santa 
Ana River. The data show that, ex­ 
cept during high flows caused by 
infrequent flooding, the inflows are 
much larger than the outflows. 
Thus, it is concluded that most of the 
surface flow that enters the valley 
seeps into the aquifer.

The distribution of streamflow as 
recharge to the ground-water basin is 
not restricted to the porous stream 
channels. Canals and pipelines con­ 
structed near the stream entrances to 
the valley divert surface flow from 
the San Bernardino Mountains to 
other parts of the valley at lower 
altitudes for agricultural use. In 
particular, flow from the Santa Ana 
River is diverted to Redlands and 
farmlands between the river and the 
San Bernardino Mountains. Flow from 
the smaller streams such as Devil 
Canyon, Waterman Canyon-East Twin, 
City, Plunge, and San Timoteo 
Creeks, generally is recharged locally 
into the aquifer within a few miles of 
the mountain front with no surface- 
flow loss out of the study area.

The larger streams, such as the 
Santa Ana River, Mill Creek, and 
Lytle Creek, transmit large volumes 
of water in a short time during flood 
periods. Some of the flow leaves the 
study area and is available for down­ 
stream use. Although the aquifer 
above the San Jacinto fault cannot 
absorb all the available water in this 
short time period, artificial-recharge

facilities adjacent to the river slow 
the movement and enhance percolation 
to the aquifer. Nearly two-thirds of 
the valley recharge is derived from 
the Santa Ana River, Mill Creek, and 
Lytle Creek.

Table 1 shows the average measured 
surface-water inflow to the valley. 
The beginning of record for these 
stations ranged from 1897 for the 
Santa Ana River near Mentone to 1952 
for Plunge Creek near East High­ 
lands. All the other stations were 
established in the early 1900's. Ter­ 
mination of the period of record for 
this study was 1974 in order to coin­ 
cide with the end of the calibration 
period for the transient-flow model. 
The total measured inflow averaged 
about 143,000 acre-ft/yr.

The outflow of surface water from 
the study area was gaged at three 
sites (table 2 and fig. 11). The pe­ 
riod of record at these stations is 
shorter than for the inflow stations, 
the oldest of the three, Santa Ana 
River at E Street, having been estab­ 
lished in 1940. Most of the outflow is 
the result of infrequent, short-dura­ 
tion storms causing floodflows, such 
as those occurring in 1938, 1952, and 
1969. The rest of the time, outflow 
is minimal. The table shows that the 
measured outflow averaged about 
35,000 acre-ft/yr. Thus, during the 
period 1945-74, the net surface-water 
inflow to the study area was at least 
108,000 acre-ft/yr. Not all this water 
was available for recharge to the 
ground-water system, because of 
losses to consumptive use and evapo- 
transpiration. Increased runoff from 
areas on Warm Creek and the Santa 
Ana River that are impermeable due 
to urbanization is of minor importance 
in this study. The amount of outflow 
measured for the 1945-74 model period 
reflects little pre-urbanized runoff. 
The section on water budget relates 
the contribution of surface water to 
the total recharge for the conceptual 
model that was simulated by the math­ 
ematical model.
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TABLE 1. - Average measured surface-water inflow to San Bernardino Valley

Station
No.

11051500
11054000
11055500

11055800
11057000

11058500

11058600

11062000
11063000
11063500

11063680

Station name

Santa Ana River near Mentone
Mill Creek near Yucaipa
Plunge Creek near East

Highlands
City Creek near Highland
San Timoteo Creek near

Redlands
East Twin Creek near

Arrowhead Springs
Waterman Canyon Creek near

Arrowhead Springs
Lytle Creek near Fontana
Cajon Creek near Keenbrook
Lone Pine Creek near

Keenbrook
Devil Canyon Creek near

San Bernardino

Period
of

record
(water
year) 1

1897-1975
1929-75
1952-75

1925-75
1926-68,
1973-75
1920-75

1912-14,
1920-75
1904-75
1920-70
1920-38,
1949-75
1913-14,
1934-75

Drainage
area

(mi 2 )

209
42.4
16.9

19.6
119

8.8

4.6

46.3
40.6
15.1

5.5

Inflow
(acre-
ft/yr)

2 58,390
224,490

2 5,480

2 7,460
971

3,200

1,850

2 30,570
6,590
1,040

2 2,590

Total 527.8 142,631

x The water year is the period from October 1 of one year through 
September 30 of the following year and is designated by the calendar 
year in which it ends.

2 Combined flow, includes diversions.

TABLE 2. - Average measured surface-water outflow from
San Bernardino Valley

Station 
No. Station name

Period of Drainage Outflow 
record (water area (acre- 

year) (mi 2 ) ft/yr)

11059000 Warm Creek Floodway at 1962-75 
San Bernardino

11059300 Santa Ana River at 1940-54, 
E Street near 1966-75 
San Bernardino

11065000 Lytle Creek at Colton 1958-75 

Total

47.8 5,610

532

172

24,252

4,820

751.8 34,682
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ARTIFICIAL-RECHARGE LOCATION 
Number refers to name of harge

Lytle Creek
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Badger

Waterman Canyon-East Twin

Patton

City Creek

Santa Ana River

Creek

Base front U.S. Geological Survey 
1:250,000 quadrangles

FIGURE 11. -- Drainage areas tributary to model and location

26



34°10'

0123456 MILES 
I I I I I I I

of stream-gaging stations and artifical-recharge sites.

27



Ground-Water Levels and Movement

Ground-water movement in the San 
Bernardino Valley generally follows 
the surface-drainage pattern. Sur­ 
face water enters the aquifer through 
permeable deposits near the mountain 
fronts and along the stream channels. 
Ground-water inflow occurs only along 
the southeast edge of the study area, 
through the poorly consolidated de­ 
posits of the Badlands. Ground 
water generally moves southwestward, 
except in the Lytle and Cajon Creek 
areas where it moves southeastward, 
and converges toward a common line 
of discharge at the San Jacinto fault 
beneath the Santa Ana River. Where 
the clay layers are continuous over a 
large area, such as beneath the city 
of San Bernardino in the central part 
of the model area, the ground water, 
prior to extensive development, was 
confined. The potentiometric head is 
above the confining beds in this area, 
and because the San Jacinto fault 
restricts ground-water flow, ground 
water is forced through and around 
the clay beds into the overlying 
strata and onto the land surface. 
Consequently, significant components 
of vertical flow are created in the 
ground-water flow regimen. Histori­ 
cally, potentiometric heads above land 
surface existed in the Warm Creek 
area adjacent to the north side of the 
San Jacinto fault. This area of rising 
water, evidenced by flowing wells and 
springs where subsurface impermeable 
barriers caused ground water to 
reach the land surface, were given 
the old Spanish name of cienaga (Men- 
denhall, 1905, p. 47).

Of particular importance to this 
study is the potentiometric-head re­ 
lation between the confined aquifer 
and the overlying unconfined system. 
Because the altitude of the confining 
bed is at least 1,200 ft above sea 
level in the upper reaches of the 
Santa Ana River, potentiometric heads 
in the lower parts of the valley theo­ 
retically could rise to nearly the same 
level. The lowest land-surface alti­ 
tude in the valley is about 980 ft 
above sea level at the intersection of 
the San Jacinto fault and the Santa 
Ana River. If the theoretical heads 
are approached, or if pumping in the 
confined area ceases, the land could 
once again become waterlogged.

Historical well data show that before 
the basin was overdeveloped, the 
deep wells in the confined area had 
higher heads than the shallow wells. 
The confining clay layer abutting the 
San Jacinto fault is the primary cause 
of the artesian head and rising water 
in the formerly swampy lands between 
Warm Creek and the Santa Ana River.

The height of the potentiometric 
heads and the areal extent of the 
artesian zone were determined by 
Lippincott in 1892 when the shut-in 
pressures were measured on 55 arte- 
san wells in the confined area (Lip­ 
pincott, 1902a, p. 84). This study 
indicated that most of these wells had 
potentiometric heads 10 to 40 ft above 
land surface. Four wells southeast of 
the Santa Ana River and adjacent to 
San Timoteo Creek had potentiometric 
heads 50 to 75 ft above land surface.

Long-term hydrographs of several 
wells in the valley remained relatively 
flat during the period 1944-45, indi-

28



eating little change in ground-water 
storage; therefore, during 1945 the 
basin was considered to be in hydroi- 
ogic equilibrium (steady state).

The 1945 water-level contour map of 
the basin was prepared under the 
assumption that the water table in the 
upper aquifer and the potentiometric 
surface of the lower aquifer generally 
coincided outside the confined area 
(fig. 12). Inside the confined area 
the water table was at or near land 
surface and the potentiometric surface 
was represented between 0 and about 
75 ft above land surface. The water 
table was generally between 1,000 
and 1,125 ft above sea level in the 
area of confined ground water and 
more than 1,800 ft above sea level in 
the upper reaches of the valley. 
Gradients were about 50 ft/mi in the 
confined area, increasing outward to 
about 200 ft/mi.

Figure 13 shows the measured com­ 
posite water-tab I e/potentiometric-sur­ 
face contours for spring 1975, a pe­ 
riod considered to be representative 
of the end of the model period (De­ 
cember 1974). (To account for the 
change in flow conditions during 1945 
and 1974, see the section on Water 
Budget for discussion of the hydroi- 
ogic effects of pumping and re­ 
charge.) Because of extensive 
ground-water pumping from wells of 
different depths perforated generally 
from near land surface to the bottom 
of the well, head measurements for 
the separate aquifers are not pos­

sible. Water-level measurements 
throughout the basin in 1975 gener­ 
ally were between 940 and 1,050 ft 
above sea level in the area of con­ 
fined ground water and were more 
than 1,800 ft above sea level in the 
upper reaches of the valley. Gradi­ 
ents averaged less than 25 ft/mi in 
the confined area, increasing outward 
to about 200 ft/mi.

Changes in the configuration of the 
water table between 1945 and 1975 
reflect the effects of pumping in the 
central part of the valley coupled 
with below-average rainfall. During 
1945, rainfall was normal, the aqui­ 
fers were full, and natural discharge 
occurred as evapotranspiration in the 
confined area, as underflow across 
the top of the San Jacinto fault, and 
as springflow along the banks of 
Warm Creek and the Santa Ana River 
adjacent to the fault. The water- 
level gradients toward the discharge 
area were steep and apparently con­ 
trolled by the level of Warm Creek. 
By 1975 a broad, flat cone of depres­ 
sion had developed over the central 
part of the valley, ground-water dis­ 
charge by evapotranspiration and 
springflow had ceased, and water- 
level declines were greater than 100 
ft in the heavily pumped areas near 
San Bernardino. Water levels re­ 
mained constant in the upper reaches 
of the valley, owing to both natural 
recharge from streams entering the 
valley and artificial recharge by pond 
infiltration.
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•1500— WATER-TABLE CONTOUR—Shows altitude of 

water table in upper aquifer, 1945. 

Contour interval 50 and 100 feet. 

National Geodetic Vertical Datum of 1929

—1100 POTENTIOMETRIC CONTOUR—Shows altitude at 

which water levels would have stood in 

tightly cased wells tapping the lower 

aquifer within the artesian zone, 1945. 

Interval 25 feet. National Geodetic 

Vertical Datum of 1929 

R 2 W

contours, spring 1945.

31



\

R.5 W. 117 n 20' R.4 W.

T.2 N.

FIGURE 13. — Water-level

32



R.3 W. 117°10'

EXPLANATION 

IMPERMEABLE AREA

MODELED AREA OF CONFINED GROUND 
WATER

FAULT

GROUND-WATER BARRIER

1400— WATER-LEVEL CONTOUR—Shows

composite water level in wells 

tapping both upper and lower 

aquifers, 1975. Contour interval 

50 and 100 feet. National 

Geodetic Vertical Datum of 1929

contours, spring 1975.
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V
Water Budget

The conceptual model of the San 
Bernardino Valley ground-water basin 
incorporates two water budgets: (1) 
A 1945 budget representing steady- 
state conditions of hydrologic equilib­ 
rium, where inflow matched outflow, 
resulting in zero change in storage; 
and (2) a 1945-74 budget represent­ 
ing transient-state conditions where 
annual inflow did not match outflow, 
resulting in a net depletion in stor­ 
age.

The steady-state and transient-state 
water budgets are expressed by the 
two equations:

Steady state: 
lnflow=Outflow

gw

ar gw sw = O +O +O ^ p gw p et ,~^ (1)

Transient state: 
lnflow-Outflow=Change in storage

[I ar gw sw ]-[O +0 +0 .] p gw p et

= AS (2)

where:
I = Inflow 
ar ,. , through

as artificial recharge 
percolation basins 

constructed along the moun­ 
tain front and the Santa 
Ana River (San Bernardino 
Valley Municipal Water Dis­ 
trict, written commun., 1973).

sw

Inflow as ground-water move­ 
ment across Crafton fault 
and recharge to the basin. 
The data were obtained 
from the report by Dutcher 
and Fenzel (1972). 

Inflow as net surface-water 
seepage along stream chan­ 
nels and diversions. The 
steady-state value was de­ 
rived by subtracting sur­ 
face-water outflow from the 
total gaged inflow and esti­ 
mated surface-water inflow 
from ungaged areas. Sub­ 
sequent values used in the 
transient-state budget were 
derived by directly pro­ 
portioning steady-state in­ 
flow with gaged flow in the 
Santa Ana River. Tran­ 
sient-state flow ranged from 
30 to 200 percent of the 
steady-state flow.

Inflow as recharge from direct 
precipitation on the valley 
floor. The value of this 
component as recharge to 
the ground-water system 
was determined to be small, 
based on infiltration studies 
in semiarid climates (Young 
and Blaney, 1942). The 
effect of any recharge by 
precipitation was generally 
accounted for in the ad­ 
justed value of pumpage re­ 
turn to the upper aquifer
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MATHEMATICAL MODEL 

Basis of the Mathematical Model

The mathematical model of the San 
Bernardino Valley represents the pro­ 
totype of a two-aquifer system. The 
aquifers are linked in the model 
through a leakage term that repre­ 
sents vertical flow through the con­ 
fining layer of silt and clay deposits. 
A Galerkin procedure using finite 
elements was chosen for this mathe­ 
matical model over methods using fi­ 
nite differences because a more flex­ 
ible approach is possible with more 
precise simulation of irregular bound­ 
aries and faults. The elemental meth­ 
od was applied by Finder and Frind 
(1972) to a single-aquifer ground- 
water system. Durbin (1978), in a 
study of Antelope Valley, Calif., ex­ 
tended this model method to a two- 
aquifer system and replaced the rec­ 
tangular element shape with tri­ 
angles. These model advancements 
were incorporated into a later study 
by Durbin and Morgan (1978) on the 
well-response model of the Bunker 
Hill ground basin, which has nearly 
the same boundaries as San Bernar­ 
dino Valley. The present study 
covers the same general area but in 
more detail with respect to geohydrol- 
ogic data and a finer nodal network 
for the model. The basic computer 
program by Durbin was modified and 
adjusted to fit the objectives of this 
study.

The fundamental concept of the 
Galerkin finite-element method is to 
replace a continuous function with 
values of the function that are speci­ 
fied at a finite number of discrete 
points called nodes. Function values 
between these points are calculated 
using continuous interpolating func­ 
tions defined over a finite number of 
small areas called elements.

The general equation that approxi­ 
mately describes the flow of water in 
each aquifer of a two layered mathe­ 
matical model is:

3-,-3h 3 -3h _3h .. K/. . N

where:
T = transmissivity of aquifer, 
h = hydraulic head in aquifer, 
S = storage coefficient of the

aquifer, 
W = flux of a source or sink

(pumpage or recharge), 
K = vertical hydraulic conduc­

tivity of the clay layer
that separates the two
aquifers, 

b = thickness of the clay layer,

a = hydraulic head in the adja­
cent aquifer,

x and y = cartesian coordinates, and 
t = time.

For simplicity, the upper (layer 1) 
and the lower (layer 2) layers of the 
mathematical model have identical grid 
patterns, with the elements and nodes 
numbered the same for each layer. 
The model network consists of 296 
elements and 178 nodes (pi. 1). The 
physical properties of the aquifer, 
such as transmissivity, storage coef­ 
ficient, and, where appropriate, the 
thickness and vertical permeability 
(hydraulic conductivity) of the con­ 
fining clay member, are assigned to 
elements (triangles), and the re­ 
charge, discharge, and potentiometric 
head are assigned to the nodes or 
vertices of the triangles. The ele­ 
ments are more closely spaced where 
data are more abundant in the con­ 
fined area. The key wells used in 
the well-response study by Durbin 
and Morgan (1978) of the Bunker Hill 
ground-water basin and the areas of 
potential artificial recharge of im-
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and from streamflow.
O = Outflow as ground-water dis- 

® charge across the San Ja- 
cinto fault. The average 
value of this component was 
estimated from conclusions 
of Dutcher and Garrett 
(1963).

O = Outflow as net ground-water 
P pumpage from the basin. 

Net pumpage is equal to 
gross pumpage less the per­ 
centage of this pumpage 
which is returned to the 
aquifer. Gross pumpage 
for the period 1945-74 was 
estimated from several re­ 
ports (California Department 
of Water Resources, 1971; 
Albert A. Webb Associates, 
1973a, 1973b; and Hanson 
and Harriger, 1976a, 
1976b). The pumpage dis­ 
tribution between the upper 
and lower aquifers was 
based on the perforated 
intervals and depths of 
wells. Pumpage return in 
the upper aquifer was esti­ 
mated as 30 percent of 
gross pumpage except (1) 
in the Warm Creek-Santa 
Ana River area of the con­ 
fined aquifer from 1945 to 
1950 when no pumpage was 
returned because the water 
was at or near land sur­ 
face, and (2) in the well 
field adjacent to the Santa

Oet

Ana River where ground 
water was pumped and ex­ 
ported out of the basin to 
Riverside. No pumpage was 
returned to the lower aqui­ 
fer because of the confining 
clay above it and the avail­ 
ability of the upper aquifer 
to receive this return flow. 
The distribution of pumping 
wells is shown in figure 14. 

Outflow as evapotranspiration 
from the upper aquifer. 
The evapotranspiration rate 
was 0.0000001 ft/s in the 
swampy area about Warm 
Creek where the water table 
was at land surface and 
proportionately decreased to 
zero as the depth to the 
water table reached 10 ft. 
This estimated evapotran­ 
spiration rate is about 50 
percent of the long-term 
(1959-72) evaporation rate 
of 76.46 in/yr from a stand­ 
ard class-A evaporation pan 
in San Bernardino (San 
Bernardino County Flood 
Control District, 1975). 

Change in ground-water stor­ 
age. This change results 
from stresses imposed on 
the aquifer system through 
increases or decreases of 
the flow components. An­ 
nual storage changes were 
derived as residuals of the 
water-budget equations.
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ported water were also made nodal 
points for this study, which consists 
of the larger area within the San Ber- 
nardino Valley. In the peripheral 
parts of the basin where data are 
lacking, definition of elements is less 
profuse.

The geohydrologic relations in the 
Bunker Hill ground-water basin are 
extremely complex and cannot be de­ 
scribed exactly or duplicated by a 
mathematical model. Model develop­ 
ment requires the use of assumptions 
and approximations that simplify the 
physical system. The model, how­ 
ever, is only as accurate as the as­ 
sumptions and data used in its de­ 
velopment. The model output should 
be evaluated with these limiting fac­ 
tors in mind, and with the recognition 
that the model only approximates the 
conceptualized prototype.

Some of the principal simplifying 
assumptions that relate directly to the 
mathematical model are:

1. Ground-water movement within 
an aquifer is only horizontal.

2. Ground-water movement within 
the confining clay member is only 
vertical.

3. Hydraulic-head changes within 
the confining clay member do not 
cause corresponding changes in the 
volume of water that is stored in 
these deposits.

4. Changes in ground-water stor­ 
age in the aquifers occur instantane­ 
ously with changes in hydraulic head.

5. The physical parameters of the 
system do not change with the state 
of the system.

6. The aquifers are bounded by 
both no-flow and constant-flow bound­ 
aries.

7. Recharge occurs instantane­ 
ously.

8. The aquifers are isotropic.
9. The barrier effect of faults can 

be represented by a zone of low 
transmissivity.

In applying the model to the study 
area, the following approximations are 
used:

1. The San Bernardino Valley 
basin consists of unconfined, partly 
confined, and confined aquifers that 
are to some extent hydraulically con­ 
nected. As a practical matter, the 
model basin is conceptualized as a 
two-aquifer system. The upper layer 
(layer 1) represents the aquifer from 
the land surface to a depth of about 
one-third of the aquifer, and the 
lower layer (layer 2) represents the 
bottom two-thirds of the ground-water 
basin. The model layers are sepa­ 
rated by an extensive clay bed which 
is as much as 300 ft thick in the con­ 
fined area and which is assumed to be 
1 ft thick in the unconfined area. 
The mechanics of the model program 
require a separation between model 
layers, even in the unconfined areas 
where none is present. By assuming 
a small thickness of 1 ft, however, 
the head differential between layers is 
not significant, and the water table 
can be represented as one surface.

2. Because of the type of forma­ 
tions that compose the ground-water 
basin, confined ground water occurs 
to some extent throughout the basin. 
This local confinement is insignificant, 
however, in those parts of the basin 
designated as water table and is not 
accounted for in the water-table part 
of the model.

3. Transmissivity values used in 
this model do not change with time. 
They are computed as a product of a 
specified thickness of water-bearing 
sediments and a depth averaged hy­ 
draulic conductivity. Errors in the 
model would be introduced if changes 
in saturated thickness due to water- 
level changes were not small compared 
to the total thickness of the aquifer. 
In the actual basin the change in sat­ 
urated thickness compared to the total 
thickness has indeed been small over
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the period of study, and had little 
effect on transmissivity values used 
in the model. Because hydraulic con­ 
ductivity varies considerably along 
any vertical section of the basin, de­ 
pending generally on the type of ma­ 
terial in the section, transmissivity as 
used in the model should be consid­ 
ered an effective or average value not 
related to specific strata or geologic 
formations.

4. The values of storage coeffi­ 
cient used for the model do not 
change with time but are a function 
of location in the basin. In the ac­ 
tual basin, storage coefficients can 
vary considerably with time, largely 
as a function of changing discharge 
and recharge conditions, the lack of 
homogeneity of the material in the 
aquifers, and potential aquifer com­ 
paction. Significant vertical, as well 
as areal and temporal, changes occur 
in storage-coefficient values because 
of the nonhomogeneity of material in a 
vertical section of the basin. The 
model makes no provision for vertical 
changes. Areal distribution of stor­ 
age-coefficient values is accomplished 
in the model by assigning appropriate 
values to the individual elements. 
The model, therefore, is rather li­ 
mited in its ability to accommodate the 
various changes in storage coefficient 
that actually occur. For this reason, 
the elemental values used are more 
properly termed average storage coef­ 
ficients and cannot be specifically 
related to any particular stratum or 
geologic formation. The storage coef­ 
ficients of layers 1 and 2 are modeled 
as artesian to water table depending 
on the hydraulic characteristics of the 
basin sediments, particularly the clay 
and silt layers.

5. Quantities of basin recharge 
and discharge applied to or simulated 
by the model occur at constant rates 
over designated periods, such as 
yearly intervals. Quantities of re­ 
charge to and discharge from the 
actual basin, however, are highly 
variable with space and time, de­ 
pending on ever-changing climatic or 
management conditions. The model

does not accommodate these short 
term variations but applies average 
flow over a simulation period that is 
compatible with modeling practicality 
and the objectives of the study.

6. The hydrologic boundaries of 
the ground-water basin can be simu­ 
lated by the model as constant-flow or 
no-flow boundaries.

7. Pumpage from the basin is simu­ 
lated by grouping individual wells to 
the nearest node and totaling their 
discharge.

To use the mathematical model as a 
predictive tool, it must first be cali­ 
brated. Models are calibrated by 
combining estimated distributions of 
the transmissivity and storage coeffi­ 
cient with sets of known or estimated 
ground-water recharge. The combina­ 
tion of aquifer parameters and flow 
conditions that best fit the field data 
and conceptual model of the basin is 
said to be determined when model- 
generated water levels approximate 
historical water levels within a prede­ 
termined limit of accuracy. Calibra­ 
tion is by trial-and-error rearrange­ 
ment of the distribution of model in­ 
puts in order to improve upon the fit 
of model-generated water levels to 
observed water levels with each suc­ 
cessive simulation.

Specifically, the first step in cali­ 
brating the San Bernardino Valley 
model was to simulate water levels 
under steady-state conditions (1945). 
Basin recharge and transmissivity 
distributions, developed as a result of 
this predevelopment simulation, were 
transferred, where appropriate, di­ 
rectly to the simulation of water 
levels under stressed or transient- 
state conditions (1945-74). In ad­ 
dition, known pumpage and estimated 
aquifer storage-coefficient distribu­ 
tions were then added to the tran­ 
sient-state model. Successive simula­ 
tions were made until a satisfactory 
storage-coefficient transmissivity and 
ground-water inflow matrix was devel­ 
oped for the model.

Quantitative information or para­ 
meters generated as a result of model 
simulations are referred to in this
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EXPLANATION 

IMPERMEABLE AREA

MODELED AREA OF CONFINED GROUND 
WATER

GROUND-WATER BARRIER

• LOCATION OF PUMPING WELL USED 
IN MODEL

pumping wells used in model.
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Table 3 gives the values for the 
components of the water-budget equa­ 
tions, and figure 15 illustrates the 
steady-state water budget for 1945, 
based on a percentage of total re­ 
charge or discharge. During 1945 the 
steady-state condition was assumed, 
where inflow and outflow were equiva­ 
lent at about 134,000 acre-ft. During 
the period 1945-74, drier-than- 
average conditions prevailed, and the 
transient-state condition was assumed 
with average yearly inflow of about 
106,000 acre-ft, average outflow of

about 139,000 acre-ft, and a resulting 
average depletion in storage of about 
33,000 acre-ft. For the 30 year water- 
budget period, the total storage de­ 
pletion was about 985,000 acre-ft. In 
comparison, studies by the San Bern- 
ardino Valley Municipal Water District 
(1977, p. 24) for the Bunker Hill 
basin snowed net depletion over this 
period of nearly 700,000 acre-ft. The 
current study area is larger, as it 
also includes the Redlands, Reservoir, 
Mill Creek, Mentone, and Lytle Creek 
subareas.

TABLE 3. - Values for components of the water-budget equations, 1945-74

[in acre-feet]

Inflow

Year

1945
1946
1947
1948
1949

1950
1951
1952
1953
1954

1955
1956
1957
1958
1959

1960
1961
1962
1963
1964

1965
1966
1967
1968
1969

1970
1971
1972
1973
1974

Artificial Ground 
recharge water

1 1 
ar gw

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0

1,300
32,200
16,200

Total -------

7,700
7,700
7,700
7,700
7,700

7,700
7,700
7,700
7,700
7,700

7,700
7,700
7,700
7,700
7,700

7,700
7,700
7,700
7,700
7,700

7,700
7,700
7,700
7,700
7,700

7,700
7,700
7,700
7,700
7,700

_ , Pre- 
Surface . . cipi- 

water . *:. 
tation

sw 1
D

125,900
125,900
88,200
75,600
88,200

63,000
63,000

138,600
63,000

113,400

75,600
63,000
63,000

176,300
63,000

63,000
37,800
88,200
50,400
50,400

113,400
163,700
151,100
75,600

251,900

100,800
75,600
63,000

138,600
100,800

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

Outflow

Ground 
water

gw

15,200
15,200
15,200
15,200
15,200

15,200
15,200
15,200
15,200
15,200

15,200
15,200
15,200
15,200
15,200

15,200
15,200
15,200
15,200
15,200

15,200
15,200
15,200
15,200
15,200

15,200
15,200
15,200
15,200
15,200

Consump­ 
tive 
use 

pumpage 
0

P

88,900
92,500

103,300
114,800
108,600

110,900
114,500
86,900

124,600
109,200

124,900
140,200
116,600
112,400
192,000

132,600
149,400
129,800
123,100
134,000

116,900
19,300

138,500
122,500
101,400

120,500
125,000
123,500
107,300
109,100

Evapo- 
tran- 
spira- 

tion
0 t

et

29,900
22,400
14,800
13,400
12,300

8,500
13,200
4,600
6,100
1,800

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

Ground- 

water 
storage 
change 

As

-400

+3,500
-37,400
-60,100
-40,200

-63,900
-72,200
+39 , 600
-75,200
-5,100

-56,800
-84,700
-61,100
+56,400

-136,500

-77,100
-119,100
-49,100
-80,200
-91,100

-11,000
+36,900
+5,100

-54,400
+143,000

-27,200
-56,900
-66,700
+56,000

+400

-985,500
-1? R^fl
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report as model-generated information 
or parameters. The validity and ac­ 
curacy of this information are not to 
be construed as having been deter­ 
mined by actual measurement. The 
calibrations were subjective and, to a 
large extent, based on trial and error 
within acceptable physical limits.

Simulation of the Steady-State 
Condition (1945)

The purpose of the steady-state 
simulation was to verify, by the 
model, the estimated values of the 
steady-state water budget, aquifer 
transmissivity, and leakance coeffi­ 
cient of the confining clay member. 
These parameters in each layer were 
adjusted during approximately 100 
calibration runs, until water levels at 
65 percent of the nodes simulated 
within a range of 10 ft those ob­ 
served in 1945. Because the aquifer 
was assumed to be in hydrologic equi­ 
librium, aquifer storage coefficients 
were not involved in the steady-state 
simulation. The total steady-state 
recharge to the model was computed 
to be about 185 ft3 /s or nearly 
134,000 acre-ft/yr. Most of this re­ 
charge consisted of stream inflow from 
Lytle Creek, Cajon Creek, Devil 
Canyon, Waterman Canyon-East Twin 
Creek, Plunge Creek, City Creek, 
Mill Creek, San Timoteo Creek, and 
the Santa Ana River. The surface 
flow was modeled as recharge to the 
ground-water system through a series 
of nodes representing the downstream 
channel where recharge took place. 
Additional basin recharge was also 
modeled, representing canal diversion 
from the streams for agricultural 
lands, particularly in the highlands 
along the San Bernardino Mountains 
and in the Redlands area. Lesser 
amounts of recharge were programed 
along the periphery of the basin to 
account for ungaged runoff from the 
surrounding mountains. Precipitation 
falling directly on the study area was 
not modeled separately but was com­ 
bined with the amount of recharge to

be returned to the aquifer from ap­ 
plication of water to the ground for 
agricultural use.

The only subsurface inflow that was 
modeled was along the southeast 
border, from the Badlands to Crafton 
Hills. The recharge for the model 
period and for future predictions was 
kept constant at 7,700 acre-ft/yr, 
although inflow decreased slightly in 
later years because of increased 
ground water pumping outside the 
model area. Dutcher and Fenzel 
(1972, p. 29) computed total under­ 
flow to the San Bernardino Valley as 
7,200 acre-ft/yr in 1945. An ad­ 
ditional 500 acre-ft/yr was added to 
account for recharge by local precip­ 
itation and ungaged surface flow.

Most of the discharge from the 
modeled ground-water system was by 
wells. All the large producing wells 
and many small wells were located, 
and pumpage was allocated to the 
nearest nodes. As many as 20 wells 
in the vicinity of a node were 
grouped together to represent the 
composite pumpage.

As the model is two layers, the 
pumping from each layer was deter­ 
mined by well depth and location and 
length of casing perforations. In 
general, pumpage from wells less than 
300 ft deep was assigned to the upper 
model layer. Pumpage from wells per­ 
forated only below 300 ft was as­ 
signed to the lower model layer. 
Pumpage from wells perforated in both 
aquifers was prorated, depending on 
the length of perforations in each 
aquifer system.

In the confined part of the study 
area, particularly in the swampy area 
about Warm Creek, the Santa Ana 
River, and other areas where the 
depth to water was less than 10 ft 
below land surface, no recharge 
either from irrigation return or 
streamflow was programed into the 
model, because storage space was not 
available. Where the depth to water 
was greater than 10 ft below land sur­ 
face and aquifer storage was avail­ 
able, 30 percent of the total pumpage 
was considered as being recharged to
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the upper aquifer in the model. No 
return recharge was programed di­ 
rectly into the lower aquifer because 
of the confining clay above it. 
Ground-water discharge from the 
basin by the pumping of wells is re­ 
presented in the model as the net 
extraction rather than by gross pump- 
age. For modeling purposes, where 
discharge by pumping occurs at the 
same nodes used for recharge by ir­ 
rigation return or by rivers and 
streams, the net value is the re­ 
sultant modeled.

The principal area of flowing wells, 
ground-water discharge to the surface 
drainages, and high ground-water 
levels is adjacent to Warm Creek and 
the Santa Ana River. No pumpage 
return was modeled here because of 
high ground-water levels. In this 
area about 55 wells are pumped and 
water is exported to the Riverside 
area by pipeline and canal. This 
pumpage system salvages a portion of 
the water that would be lost by evap- 
otranspiration or would flow out of 
the area in the Santa Ana River.

Ground-water losses from evapo- 
transpiration and from discharge to 
the swamplands about Warm Creek 
were determined by the model to be 
about 41 ft3 /s (30,000 acre-ft) in 
1945, based on an evapotranspiration 
rate of 0.0000001 ft/s and an area of 
about 10 mi 2 . The long-term (1959-72) 
evaporation rate in San Bernardino 
from a Weather Bureau class-A evapo­ 
ration pan was 76.46 in/yr (San Ber­ 
nardino County Flood Control Dis­ 
trict, 1975, p. 54). The quantity of 
water that actually evaporates and 
transpires from the soil is less than 
from an open pan because water is 
not always available and soil cover 
inhibits evaporation. Studies in the 
Victorville area indicated that the 
potential evapotranspiration was about 
43 percent of the pan evaporation 
(Hardt, 1971, p. 7). Durbin (1978, 
p. 14, 15) summarized the work of 
Lee (1912) and Robinson (1958) in 
Antelope Valley regarding evapotran­ 
spiration from salt grass, which is 
typically found about swampy lands.

These studies indicated that evapo­ 
transpiration from salt grass virtually 
stops where the depth to the water 
table is greater than 10 ft and is 
about 86 in/yr with the water table 1 
ft below land surface.

Subsurface discharge from the basin 
is only through the alluvial sediments 
over the top of the buried San Ja- 
cinto fault near the Santa Ana River. 
According to Dutcher (1956, p. 11), 
the ground-water outflow from the 
San Bernardino Valley from 1936 to 
1949 ranged from 23,700 acre-ft in 
1936 to 14,300 acre-ft in 1948. The 
discharge used for the model was 
kept constant at 21 ft3 /s (15,200 
acre-ft/yr) and was simulated at 
nodes 59, 77, and 96 for a 3-mile 
stretch bisected by the Santa Ana 
River.

An important part of developing the 
steady-state model was to determine 
the aquifer transmissivity for the 
basin and then subdivide it between 
the two model layers. The transmis­ 
sivity values, combined with the 
water budget, required some modifica­ 
tion for the model to match the histo­ 
rical water levels. A problem in veri­ 
fying the steady-state model was the 
relatively flat ground-water gradient 
generated by the model from the in­ 
flow, or recharge areas along the 
mountain front to the outflow, or 
swampy lands adjacent to the San 
Jacinto fault. In the recharge area 
the model ground-water levels were 
too low, and in the confined area 
they were too high. To obtain prop­ 
er gradients, recharge values were 
increased beyond reason along the 
mountain front, requiring equally un­ 
reasonable amounts of discharge in 
the artesian area, and still the gradi­ 
ents could not be sufficiently raised. 
To maintain recharge within reason­ 
able limits, the model aquifer trans- 
missivities were reduced as much as 
20 percent in some parts of the 
basin.

The clay layer between the two 
layers of the model is thickest in the 
center of the study area adjacent to 
the San Jacinto fault. The clay re-
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stricts vertical water movement and is 
one reason for head differences be­ 
tween the shallow and deep parts of 
the aquifer. Historical data are 
scarce for explicitly defining the 
amount of head differences and the 
distribution pattern, but, according 
to Lippincott (1902a, p. 77, 88), 
heads in the deeper part of the basin 
in the Warm Creek area near the San 
Jacinto fault were commonly 10 to 40 
ft above land surface. Based on the 
head separation between these aquifer 
systems and numerous water-level 
measurements during 1945 in wells of 
various depths throughout the basin, 
the hydraulic conductivity (perme­ 
ability) of the clay was determined to 
be about 0.00000035 ft/d after several 
adjustment runs. This value seems 
reasonable in relation to measured 
clay permeabilities in other areas. 
With the hydraulic conductivity and 
clay thickness known, a leakance co­ 
efficient was computed by the model 
for each grid element.

Simulation of Transient-State 
Conditions (1945-74)

The steady-state model (1945) com­ 
ponents of recharge, discharge, aqui­ 
fer transmissivity, and leakance coef­ 
ficient of the confining bed between 
the model layers were calibrated for a 
zero change in ground-water storage. 
A transient-state calibration was re­ 
quired for the period 1945-74, as 
ground-water pumping after 1945 was 
in excess of natural recharge and 
part of the water was derived from 
aquifer storage. Consequently, water 
levels were lowered more than 100 ft 
in some parts of the basin. Because 
of the depletion in aquifer storage, 
the transient-state model required 
values of storage coefficient and 
yearly records of pumpage and re­ 
charge for each layer in the model. 
Storage coefficients in each layer 
were adjusted during approximately 30 
calibration runs until model-generated 
water-level data matched measured 
water levels from selected wells 
throughout the valley.

The water budget for the transient- 
state condition from 1945 to 1974 is 
largely dependent upon the history of 
ground-water pumping in the valley. 
Agricultural irrigation from ground 
water started about 1870 when wells 
drilled in the lower part of the valley 
yielded large quantities of flowing 
water. Well drilling continued, and 
by 1905 more than 900 wells had been 
drilled, and about 20,000 acres were 
under irrigation, using both surface 
water and ground water. By 1930 the 
total irrigated acreage was about 
32,000 acres; however, by 1977 it had 
decreased to about 15,000 acres.
Urbanization of the San Bernardino 

Valley has continuously increased 
since the late 1800's, with most of the 
growth since about 1945 as a result of 
the end of World War II. In 1900 
about 1,000 acres was under urban 
development, primarily at Redlands. 
By 1930 urban growth affected other 
parts of the valley and included about 
12,000 acres. By 1960 the urbanized 
area was nearly 35,000 acres, and by 
1976 it had increased to 54,000 acres.

The increased use of ground water 
throughout the year is reflected in 
the annual gross pumping rate for the 
period 1935-74 (table 4). For the 
model period 1945-74, total pumpage 
was 4,975,000 acre-ft and annual 
pumpage ranged from 118,400 acre-ft 
in 1945 to 213,500 acre-ft in 1961. 
The yearly differences in pumpage, in 
part, reflect the amount of precipita­ 
tion and, consequently, the amount of 
runoff available each year for agricul­ 
tural irrigation. For the transient- 
state model the yearly pumpage was 
programed, and the method of distri­ 
bution to the 76 nodes and model sim­ 
ulation was identical to the steady- 
state model. See table 3 for net 
pumpage programed into the model.

Pumpage for 1935 through 1960 was 
estimated by the California Depart­ 
ment of Water Resources (1971) from 
land-use data. Pumpage for 1950 
through 1974 was compiled in great 
detail by Albert A. Webb Associates, 
Inc. (1973a, 1973b) and by Hanson 
and Harriger (1976a, 1976b) from re­ 
ports filed by well owners with the
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TABLE 4. - Annual gross ground-water pumpage in San Bernardino Valley /
1935-74

Pumpage 
Year (acre- 

ft)

Pumpage 
Year (acre- 

ft)

Pumpage 
Year (acre- 

ft)

Pumpage 
Year (acre- 

ft)

1935
1936
1937
1938
1939

1940
1941
1942
1943
1944

85,000
113,000
82,400
86,900
92,300

110,900
70,300
106,100
103,500
101,600

1945
1946
1947
1948
1949

1950
1951
1952
1953
1954

118,400
135,500
136,400
151,700
142,900

158,500
163,600
124,100
178,100
156,100

1955
1956
1957
1958
1959

1960
1961
1962
1963
1964

178,500
200,300
166,700
160,600
201,000

189,300
213,500
185,500
175,800
191,400

1965
1966
1967
1968
1969

1970
1971
1972
1973
1974

167,100
170,500
154,200
174,900
144,900

172,200
178,600
176,700
153,300
155,600

California Water Rights Board. Val­ 
ues from these two sources for the 
overlapping period 1950-60 did not 
exactly agree, so the values deter­ 
mined by the California Department of 
Water Resources (1971) were multi­ 
plied by a small constant to ameliorate 
the disparity. See figure 14 for the 
location and distribution of the wells 
pumping ground water from the basin 
that were used in the model. Based 
on well-completion records, pumpage 
was proportioned between the upper 
and lower layers of the model.

Discharge also occurs as underflow 
through the alluvial sediments over 
the top of the San Jacinto fault. 
Dutcher and Garrett (1963) estimated 
that the average annual underflow 
ranged from 14,300 to 23,700 acre-ft 
from 1936 to 1949, depending upon the 
thickness of saturated sediments and 
ground-water gradient. Discharge in 
the model was kept constant at 15,200 
acre-ft/yr during the 30-year tran­ 
sient-model period to simplify the 
model. The yearly differences in 
underflow discharge across the fault 
were relatively small compared to the 
total basin discharge. Long-term 
changes associated with wet and dry 
periods, and seasonal changes caused 
by nearby pumping and recharge from 
the Santa Ana River and Warm Creek 
tended to average out. The constant 
value used in the model was about

10 percent lower than the average 
underflow for 1936-49.

When the Mormons established the 
first settlement in San Bernardino in 
1851, the surface flow of Warm Creek, 
the Santa Ana River, and lower City 
and Lytle Creeks was derived partly 
from springs and swamps in the ar­ 
tesian area upstream from the San 
Jacinto fault. The flow in Warm 
Creek in 1887 averaged between 75 
and 80 ft3/s; by 1900 that discharge 
was halved, and by 1955 all the chan­ 
nels were dry and the ditches aban­ 
doned (Scott, 1977, p. 51). The re­ 
duction in flow is attributed primarily 
to increased ground-water pumping. 
The transient-model verification cor­ 
related closely with the physical con­ 
ditions. In 1945 the model discharge 
from the swampy area was about 
30,000 acre-ft, diminishing to 1,800 
acre-ft in early 1955. In late 1955, 
model evapotranspiration ceased as 
water levels dropped to more than 
10 ft lower than Warm Creek and the 
Santa Ana River.

As a general rule, where the depth 
to water in the upper aquifer was 
greater than 10 ft below land surface, 
30 percent of the total pumpage was 
recharged to this aquifer as irriga­ 
tion-return water and was subtracted 
in the ^program from the total pump- 
age determined for the upper aquifer. 
Pumpage was modeled from the lower
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layer, but irrigation water was re­ 
turned only to the upper layer. This 
model procedure was modified in the 
swampy area between Warm Creek and 
the Santa Ana River to account for 
55 wells that pump ground water for 
export outside the valley and for re­ 
charge to the formerly swampy area 
where it had previously been re­ 
jected. Prior to 1951 no return water 
was programed because the upper 
aquifer was full. After 1951, the 
amount of recharge for the swampy 
area was adjusted partly by trial and 
error until there was a close correla­ 
tion of model-generated water-level 
hydrographs with measured water 
levels in selected wells.

Artificial recharge of imported water 
from the California Aqueduct was 
started in November 1972, or about 
2 years prior to the end of the cali­ 
bration period. From November 1972 
to December 1974 about 50,000 acre-ft 
was recharged, amounting to about 
one-half of the entitlement. This 
amount of recharge was placed in the 
node nearest to the recharge sites 
along the base of the San Bernardino 
Mountains.

Natural streamflow varies each 
year, affecting the amount of ground- 
water recharge. Since about 1947, 
the San Bernardino Valley has been 
in an extended dry period except for 
floods in 1952, 1958, 1965-67, 1969, 
and 1973. As a result of these cli­ 
matic conditions, the modeled re­ 
charge for this transient-state model 
averaged about 106,000 acre-ft/yr 
(146 ft3 /s), which is less than the 
long-term average.

The variation in yearly ground- 
water recharge as related to stream- 
flow was programed into the model by 
using flow in the Santa Ana River as 
an index. The index was determined 
by correlating for each year the flow 
in the Santa Ana River as related to 
the long-term average flow used in 
the steady-state model. This yearly 
ratio, which ranged from 0.3 to 1.4 
for all years except 1969, was then 
multiplied by the steady-state re­ 
charge to obtain the yearly ground- 
water recharge derived from the 
streams. This procedure simplified

the verification of the transient model 
in that the geographic distribution of 
recharge was held constant while the 
amount of recharge was adjusted 
higher or lower for annual changes.

The floods of 1969 caused flows in 
the river channels that were greatly 
in excess of the long-term average 
with large quantities of surface water 
flowing out of the study area. Thus, 
the resulting ratio used to compute 
ground-water recharge for 1969 re­ 
sulted in model water levels that were 
much higher than the measured water 
levels, particularly in the confined 
area adjacent to the San Jacinto fault. 
When the recharge ratio was lowered 
to account for basin recharge only, 
and excluded surface water outflow, 
the computed water levels in the con­ 
fined area were comparable with the 
measured water levels, but in the 
unconfined peripheral part of the 
model they were less precisely cor­ 
related. As the confined area is of 
first importance to the local water 
district because of a potential rising- 
water problem, the calibration was set 
primarily for the confined area.

The analysis of the transient-state 
model condition was enhanced by com­ 
paring the water-level decline in the 
valley as measured in 12 observation 
wells, seven of which were in the 
confined area. Hydrographs from 
1945 to 1974 for the 12 wells show the 
water-level decline resulting from a 
combination of less natural recharge 
due to climatic conditions and in­ 
creased ground-water pumping (fig. 
16). (See figs. 18 and 19 for well 
locations.) In general, all the hydro- 
graphs show water-level declines from 
1945 to the middle 1960's, hence levels 
started to rise slightly and then rose 
sharply due to the flood of 1969.

The model-computed hydrographs 
closely approximate the observed hy­ 
drographs for eight wells in the cen­ 
tral part of the valley, including the 
area of confined ground water. In 
the remaining four wells (1S/3W-21H1, 
1S/3W-32J1, 1N/4W-16E1, and 1N/5W- 
23P4), which are located in the up­ 
land areas of the valley, the approx­ 
imations are not as good. At well 
1N/5W-23P4, apparently either the
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model cannot duplicate the very large 
fluctuations observed in the well 
(greater than 150 ft), or annual re­ 
charge is related to flow more in 
Lytle Creek than in the Santa Ana 
River, upon which recharge relations 
in the valley are based. At wells 
1S/3W-21H1, 1S/3W-32J1, and 1N/4W- 
16E1 the water-level correlation be­ 
tween the model and field data are ac­ 
ceptable except for the floods of 1969. 
Water levels rose excessively during 
1969, probably as a result of a change 
in distribution of recharge, owing to 
flooding in this extremely wet year. 
In subsequent years flooding did not 
occur, and computed water-level 
trends closely approximate those ob­ 
served.

Predicting water-level trends in the 
area of confined ground water was of 
prime importance, so emphasis was 
placed on correlating model-computed 
and observed water levels in this

area, as exemplified by the seven 
selected wells. The other four hy- 
drographs are shown to document the 
difficulty encountered in modeling this 
valley of diverse geohydrologic char­ 
acteristics. Table 5 describes the 
wells used in the transient-state 
model calibration and presents infor­ 
mation on the year each well was com­ 
pleted, well depth, perforated inter­ 
val, record of water-level data avail­ 
able, and the model node number re­ 
presenting the well. The altitude of 
land surface at each well was obtained 
from land surveying records. Model- 
generated water levels for the obser­ 
vation wells were adjusted for various 
pumping distributions between the two 
layers by computing a composite water 
level, using the mathematical method 
of Sokol (1963).

By the satisfactory simulation of the 
actual data with the transient-state 
model, the model is considered ready 
for use as a predictive tool.

TABLE 5. - Data for selected observation wells used for model calibration 1

Well No. 
(see figs. 
18 and 19 

for location)

11N/3W-29M1
1N/4W-16E1
1N/4W-36Q1
1N/5W-23P4

1S/3W-21H1
1S/3W-32J1
1S/4W-2K1
1S/4W-3D1

1S/4W-8A1
1S/4W-8F10
1S/4W-14P2
1S/4W-15M2

Model 
node 

No.

75
41
81
16

121
135

69
54

51
50
88
78

Year 
well 
com­ 

pleted

1932
1918
1931
1929

1929
1935
1904
1935

1917
1947
1912
1931

Alti­
tude 

(land- 

surface 
datum)

1,345
1,412
1,097
1,470

1,318
1,263
1,056
1,096

1,094
1,099
1,023

985

Perforated 
interval 

(ft)

238-396
186-406

--

200-630

--
--
--

2 1135-677

101-482
226-758

--

24-572

Well 
depth 

(ft)

408
415
696
647

426
420
581

2 778

482
818
580
603

Year
water- 

level 
record 
began

1932
1918
1931
1930

1939
1935
1916
1936

1933
1947
1915
1933

Estimated
percentage 

of pumpage 
(upper 
layer)

100
30
40
40

75
80
85
53

59
0

70
63

x See figure 16 for 1945-74 actual and model water levels. 
2 Cement plug at 460 ft.
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Simulation of Water-level Changes 
(1975-2000) under Various Recharge 

Conditions

To simulate water-level trends for 
the period 1975-2000, projected quan­ 
tities of natural recharge from sur­ 
face-water sources, artificial recharge 
of imported water, and ground-water 
pumping were programed into the 
model. In simulating future water- 
level trends by the model, the great­ 
est unknown is the quantity and dis­ 
tribution of natural recharge. To 
alleviate this problem, low, average, 
and high recharge-condition periods 
were programed on the basis of the 
very small probability, 0.06 (Durbin 
and Morgan, 1978), that the average 
recharge rates for a 25-year period 
will be either 20-percent greater 
(high) or 20-percent smaller (low) 
than the long-term average. The 
distribution of the natural-recharge 
nodes was held constant as in the 
transient-state condition.

The distribution of artifical re­ 
charge of imported water is based on 
a percentage of the half or full enti­ 
tlement that was allotted to the re­ 
charge sites in the following manner: 
Santa Ana River, 50 percent; Sweet- 
water, 20 percent; Waterman Canyon- 
East Twin Creek, 10 percent; City 
Creek, 10 percent; Badger, 5 per­ 
cent; and Patton, 5 percent (L. W. 
Rowe, oral commun., 1977).

The Water District contract with the 
California Department of Water Re­ 
sources for imported water from the 
aqueduct is for a maximum entitlement 
of 48,000 acre-ft of water in 1973, 
increasing annually to 102,600 acre-ft 
by 1990. The artificial-recharge pro­ 
gram was started in November 1972, 
but as of December 31, 1977, only 
about 97,000 acre-ft of water had 
been delivered for recharge, or about 
one-third of the full entitlement. 
Less than the entitled water was re­ 
ceived because of the statewide 
drought from 1975 to 1977, when the 
water was not available. For the 
transient model run through 1974, the 
actual amounts of imported water re­

charged were programed into the mod­ 
el. For planning and management 
purposes, however, starting with 1975 
the artificial recharge for the pre­ 
dictive model runs was set at one-half 
and full entitlement. Table 6 shows 
the half and full entitlement of im­ 
ported water and the distribution for 
each proposed recharge site (see fig. 
11 for location of artifical-recharge 
sites).

Ground-water pumping rates used 
for the predictive model runs were 
the average for the 5-year period 
1970-74, amounting to 165,000 acre- 
ft/yr. Excepted was the Devil Can­ 
yon area, where the projected pump­ 
ing rate was represented by a 20- 
percent increase over the average 
(L. W. Rowe, oral commun., 1977).

To be effective, large-scale re­ 
charge practices require permeable 
sediments at and below the land sur­ 
face to allow water to percolate down­ 
ward and a thickness of unsaturated 
sediments above the water table suf­ 
ficient to store the water. In order 
to determine the location, depth, and 
configuration of the unsaturated sedi­ 
ments above the water table, a depth 
to water map is helpful. Figure 17 
shows the depth to water below the 
ground in the spring of 1977. The 
contours are based on water levels 
measured under the upper Santa Ana 
Valley cooperative well-measuring pro­ 
gram (San Bernardino Valley Munici­ 
pal Water Conservation District and 
San Bernardino Valley Municipal Water 
District, 1977). With the top of the 
ground-water surface defined, the 
model simulations of water-level 
changes from 1975 to 2000 under vari­ 
ous recharge conditions can be better 
evaluated for future planning of re­ 
charge

The greatest depth to water ranges 
from 200 to more than 300 ft below 
the ground in the Lytle Creek area 
and along the San Bernardino Moun­ 
tain front. Geologically, these areas 
are conducive to artificial recharge 
because of high aquifer hydraulic 
conductivity and large storage capac­ 
ity for water. The central part of
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the basin within the confined area has 
the least amount of water-storage po­ 
tential. Here, depth to water as of 
spring 1977 ranged from 50 to 150 ft 
below the land surface.

Of particular significance to a po­ 
tential problem of rising ground water 
in the confined area is the head- 
response relation resulting from re­ 
charge to the unconfined system in 
the peripheral area. The key factor 
in controlling rising ground-water 
levels in the confined area is to main­ 
tain pumping by wells sufficient to 
keep water levels low and avoid over­ 
charging the intake area. Histori­ 
cally, the confined area has been 
heavily pumped, which has lowered 
water levels. Currently, a trend is 
developing whereby pumping of 
ground water from this area is shift­ 
ing to peripheral areas of higher alti­ 
tude (G. L. Fletcher, oral commun., 
1978). If this trend continues, water 
levels in the confined area may rise 
regardless of the artificial-recharge 
program.

In using the model to simulate water 
levels for the period 1975-2000, each 
of the three recharge conditions (low, 
average, and high) was programed 
together with one-half and full enti­ 
tlement of artificial recharge. Thus, 
six model runs were programed to 
project a wide range of hydrologic 
conditions affecting water levels in 
the basin to the year 2000. Water 
levels were simulated for each of the 
six hydrologic conditions in 12 repre­ 
sentative observation wells, seven of 
which are in the artesian area (see 
table 5 and figs. 18 and 19).

Results of the model runs (table 7) 
show the predicted composite water- 
level changes under various recharge 
conditions for 12 observation wells for 
the years 1980, 1990, and 2000. In 
general, the artificial-recharge pro­ 
gram coupled with various amounts of 
natural recharge results in a rise of 
water levels in these wells. Under 
maximum recharge conditions, the 
greatest water-level rises are along 
the San Bernardino Mountain front 
and in the Redlands area.

The table shows that for long-term 
average natural-recharge conditions 
the increase in composite water levels 
resulting from one-half and full enti­ 
tlement (conditions B and E) by the 
year 2000 ranges from 97 ft at well 
1N/4W-16E1 (Devil Canyon area) to 
only 22 ft at well 1S/4W-8A1 (confined 
area). Because of the shallow depth 
to water in the lower Warm Creek- 
Santa Ana River area, the water 
levels in wells 1S/4W-2K1, 14P2, and 
15M2 rise to land surface prior to 
2000.

Figure 18 shows simulated water- 
level changes in the upper and lower 
aquifers representing the minimum 
recharge condition of the six model 
runs for the period 1975-2000. The 
natural recharge is assumed to be 
20 percent below the long-term 
(steady-state) average, and artificial 
recharge is one-half entitlement, with 
pumping kept constant at the 1970-74 
average rate of 165,000 acre-ft/yr 
plus a 20-percent increase in the 
Devil Canyon area. The area of max­ 
imum water-level rise is the Devil 
Canyon area, between the Shandin 
Hills and the San Bernardino Moun­ 
tains, a result of artificial recharge 
at the Sweetwater and Badger sites. 
The ground-water movement south­ 
ward is restricted by the Shandin 
Hills, and the ground water must 
move southeastward. Artificial re­ 
charge at Waterman Canyon-East Twin 
Creek, City Creek, Patton, and the 
Santa Ana River is reflected by 
water-level rises of more than 50 ft 
for the 25-year period (1975-2000), 
but these maximum rises do not reach 
the lower Warm Creek-Santa Ana 
River area adjacent to the San Jacinto 
fault. Under this minimum recharge 
condition, water levels do not reach 
land surface anywhere in the basin. 
No artificial recharge was programed 
into Lytle Creek, Cajon Creek, or Mill 
Creek, and water levels decline as 
local ground-water pumping is in ex­ 
cess of natural recharge. These 
areas seem to be hydrologically favor­ 
able as potential sites for artificial- 
recharge operations.
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Figure 19 shows simulated water- 
level changes in the upper and lower 
aquifers representing the maximum- 
recharge conditions for the period 
1975-2000. The natural recharge is 
assumed to be 20 percent above the 
long-term (steady-state) average, and 
artificial recharge is full entitlement, 
with pumping kept constant at the 
1970-74 average rate of 165,000 acre- 
ft/yr plus a 20-percent increase in 
the Devil Canyon area. The area of 
maximum water-level rise coincides 
with the location of the artificial- 
recharge sites along the front of the 
San Bernardino Mountains. The ef­ 
fects of this recharge program are 
noticed throughout the confined area, 
but because evapotranspiration dis­ 
charge modifies the water levels in 
the upper aquifer, the rise in the 
upper aquifer is less than the rise in 
the lower aquifer. By the year 2000 
the Sweetwater recharge site will be 
able to recharge only about 10,000 
acre-ft/yr or about 50 percent of the 
allotted percentage of artificial re­ 
charge, City Creek only about 4,000 
acre-ft/yr or about 40 percent, and 
the Santa Ana River only about 26,000 
acre-ft/yr or about 50 percent. Ac­ 
cording to the model, the aquifer can­ 
not physically absorb all the pro­ 
gramed artificial recharge at these 
sites, under the assumed hydrologic 
conditions, without waterlogging the 
land. At the Badger and Patton sites 
the total allotment can be recharged. 
At Waterman Canyon-East Twin 
Creek, imported water in excess of 
the 10,000 acre-ft/yr allotment can be 
recharged, but because this recharge 
site is closest to the confined area, 
rising water above land surface may 
again result if too much water is re­ 
charged.

As a result of the artificial-re­ 
charge program, water levels in sev­ 
eral of the selected observation wells 
in the confined area will rise to with­ 
in 10 ft of the land surface or reach 
the land surface under the assumed 
conditions. Table 8 shows the year 
in which this will occur.

The area between Warm Creek and 
the Santa Ana River adjacent to the 
San Jacinto fault will be the first af-
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fected by rising water, as exemplified 
by wells 1S/4W-14P2 and 15M2. Well 
14P2 will have a water level within 10 
ft of land surface during the middle 
1990's under one-half entitlement and 
average or high natural recharge. 
Under full entitlement, high water will 
be a problem in the middle 1980's with 
all natural-recharge conditions. Well 
15M2 under one-half entitlement will 
have high-water problems about 10 
years earlier than well 14P2. Under 
full entitlement, rising water could be 
a problem by 1980 with the recharge 
conditions assumed since 1975. Long- 
term historical water-level records 
indicate that well 2K1 is an effective 
monitor of the head response to re­ 
charge from the Waterman Canyon- 
East Twin Creek drainage. Under 
full entitlement, high water levels may 
create waterlogging problems between 
1982 and 1990, depending on the 
amount of natural recharge.

The simulated water-level changes 
from 1975 to 2000 under minimum and 
maximum recharge conditions are 
bracketed by figures 18 and 19. 
These two model conditions cover the 
extremes in recharge, except for 
floods of infrequent short duration. 
Four other model runs, not diagramed 
for this report, are bracketed by the 
above conditions. Inspection of the 
six model simulations indicates that a 
feasible way to control rising water in 
the confined area is by pumping 
ground water from the confined area. 
The aquifer system can be considered 
similar to a surface reservoir that is 
regulated by controlling discharge at 
the outlet. The relation between re­ 
charge and discharge is direct, in 
that areas with increased quantities of 
ground-water extractions can accom­ 
modate more recharge water.

By interrogating this model through 
the simulation of other recharge-dis- 
charge schemes, alternative ground- 
water management plans can be formu­ 
lated to avoid overpressuring the con­ 
fined area. To document the predicted 
results derived from the model, the 
Water District has key monitoring wells 
between the recharge sites and the 
formerly swampy area to measure the 
effects of the recharge program.



R.5 W 117°20' R.4 W.

T.2 N.

34°10' 

T.I N

ASSUMPTION (Condition A, table 7):

Natural recharge, 20-percent below 
long-term average

Artificial recharge, one-half 
entitlement

Pumpage, constant at 1970-74 average, 
plus a 20-percent increase in Devil T1 s 
Canyon area

FIGURE 18. -- Simulated water-level changes
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EXPLANATION

IMPERMEABLE AREA

MODELED AREA OF CONFINED GROUND WATER

R.3 W. n7"10'

0 u
T

ARTIFICIAL-RECHARGE SITE

1 Lytle Creek
2 Sweetwater Spillway
3 Badger
4 Waterman Canyon-East Twin Creek
5 Fatten
6 City Creek
7 Santa Ana River

FAULT

GROUND-WATER BARRIER

+50——LINE OF EQUAL WATER-LEVEL CHANGE— 
Solid line denotes upper aquifer, 
dashed line denotes lower aquifer; 
+ denotes water-level rise, 
- denotes water-level decline. 
Interval 50 feet

21H1
OBSERVATION WELL AND NUMBER

1975-2000) under minimum-recharge conditions.
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R.5 W. 117°20' R.4 W

T.2 N.

ASSUMPTION (Condition F, table 7):

Natural recharge, 20-percent above 
long-term average

Artificial recharge, full entitlement

Pumpage, constant at 1970-74 average, 
pi us a 20-percent increase in the T1 s 
Devil Canyon area

4 MILES

T.2 S

FIGURE 19. -- Simulated water-level changes
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EXPLANATION

IMPERMEABLE AREA

MODELED AREA OF CONFINED GROUND WATER

R.3 W. 117°10'

<*0

r

Y/S ARTIFICIAL-RECHARGE SITE

1 Lytle Creek
2 Sweetwater Spillway
3 Badger
4 Waterman Canyon-East Twin Creek
5 Patton
6 City Creek
7 Santa Ana River

———• FAULT

• • • • • GROUND-WATER BARRIER

+200—— LINE OF EQUAL WATER-LEVEL CHANGE— 
Solid line denotes upper aquifer, 
dashed line denotes lower aquifer; 
+ denotes water-level rise, 
- denotes water-level decline. 
Interval 50 feet

29M1
OBSERVATION WELL AND NUMBER

(1975-2000) under maximum-recharge conditions.
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SUMMARY AND CONCLUSIONS

Importation of northern California 
water through the California aqueduct 
and subsequent recharge to the San 
Bernardino Valley ground-water basin 
will create added stress on the natu­ 
ral hydrologic system. Care must be 
exercised that as a result of this sup­ 
plemental water, ground-water levels 
do not approach land surface and 
cause property damage. Of particular 
concern is the former swampy area in 
urbanized southern San Bernardino 
where the potentiometric head in wells 
was 10 to 75 ft above land surface in 
the early 1900's.

About 90 percent of the natural 
recharge to the valley was derived 
from surface water inflow, with nearly 
two-thirds from the Santa Ana River, 
Mill Creek, and Lytle Creek. Prior 
to importation of supplemental water 
in November 1972 for recharge in the 
valley, ground-water depletion occur­ 
ring as outflow (primarily by pump­ 
ing) exceeded natural inflow. For 
the 30-year period from 1945 to 1974, 
8 years showed an increase in 
ground-water storage; this was be­ 
cause of above-average recharge 
caused by flood conditions.

The infrequent and unpredictable 
floods, which result in greatly in­ 
creased recharge to the aquifers, 
create the greatest problem to opti­ 
mum basin management. For example, 
the floods of early 1969 alone ac­ 
counted for more than 350,000 acre-ft 
of recharge to the basin (SBVMWD, 
1977, p. 24). This amount of re­ 
charge from a short-duration flood is 
about three and one-half times 
greater than either the maximum 
yearly entitlement of imported water 
or the long-term average natural re­ 
charge. Thus, large slugs of uncon­ 
trolled recharge could create problems 
with efforts to maximize recharge 
during normal climatic conditions.

The valley's ground-water reservoir 
consists of alluvial deposits of sand, 
gravel, and boulders interspersed 
with lenticular beds of silt and clay.

Previous investigators have recog­ 
nized three aquifers, each separated 
by 50 to 300 ft of clay and silt, up- 
gradient of the San Jacinto fault. 
However, a test well drilled in 1977 in 
San Bernardino bottomed in bedrock, 
and only two aquifers were encoun­ 
tered at this site. The greatest 
thickness of water-bearing deposits is 
about 1,200 ft and occurs adjacent to 
the northeast side of the San Jacinto 
fault between San Bernardino and the 
Santa Ana River. This area coincides 
with the formerly swampy land within 
the confined area. Aquifer transmis- 
sivities range from about 670 ft2 /d 
along the San Bernardino mountain 
front to 66,800 ft2 /d in the center of 
the basin. Aquifer storage coeffi­ 
cients range from 0.15 in the uncon- 
fined areas to 0.0001 in the confined 
areas.

The problem in the San Bernardino 
Valley is to balance the amount of 
natural and artificial recharge in the 
high-altitude area of the valley to the 
amount of pumping from the aquifers 
at the lower altitudes to avoid over­ 
filling the ground-water reservoir. 
Ground-water pumpage ranged from 
70,300 acre-ft in 1941 to 213,500 acre- 
ft in 1961, most of which was from the 
central part of the valley.

The formerly swampy area between 
Warm Creek and the Santa Ana River 
is at the lowest altitude in the basin, 
and all ground water moves toward 
this area. Flow in Warm Creek 
ceased in the middle 1950's, as pump- 
age was greater than recharge. 
Spring 1977 water-level measurements 
show that the minimum depth to water 
in this area is less than 50 ft. The 
perimeter of the basin receives most 
of the recharge to the aquifers, 
either as natural recharge from 
streamflow from the surrounding 
mountains or as artificial recharge at 
selected sites. Here, the water table 
is relatively deep, generally more 
than 200 ft below land surface, so 
that the unsaturated sediments have a 
capacity to store a large volume of 
water.
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V
A two-layer Galerkin finite-element 

digital model was used for predicting 
the rate and extent of the rise in 
water levels from 1975 to 2000. Six 
hydrologic conditions were modeled 
for the basin. Artificial recharge of 
one-half and full entitlement from the 
California Aqueduct were each coupled 
with low, average, and high natural 
recharge to the basin, derived primar­ 
ily from surface-water inflow to the 
valley.

Average long-term recharge of at 
least 108,000 acre-ft per year, calcu­ 
lated from historical records of 
streamflow, was used in the model for 
calibration purposes. As natural re­ 
charge is unknown for the predictive 
period 1975-2000, a range of condi­ 
tions was programed for the model, 
based on the very small probability 
(0.06) that the average recharge rate 
for the 25-year period will be either 
20 percent greater (high) or 20 per­ 
cent smaller (low) than the long-term 
average.

The distribution of artificial re­ 
charge of imported water was allotted 
to the recharge sites in the following 
manner: Santa Ana River, 50 per­ 
cent; Sweetwater, 20 percent; Water­ 
man Canyon-East Twin Creek and 
City Creek, 10 percent; and Badger 
and Patton, 5 percent.

Under minimum recharge conditions, 
(one-half entitlement of import water 
and natural recharge at 20 percent 
below average) the area of maximum 
water-level rise for the model period 
1975-2000 is between Shandin Hills and 
the San Bernardino Mountains, as a 
result of artificial recharge at the 
Sweetwater and Badger sites. Artifi­ 
cial recharge at Waterman Canyon- 
East Twin Creek, City Creek, Patton, 
and the Santa Ana River is reflected 
by water-level rises of more than 50 
ft in these reaches but less in the 
lower Warm Creek-Santa Ana River 
area adjacent to the San Jacinto fault. 
Water levels did not reach land sur­ 
face anywhere in the basin.

Under maximum-recharge conditions, 
(full entitlement of import water and 
natural recharge at 20 percent above 
average), the area of maximum water-

level rises of 100 to 200 ft for the 
model period 1975-2000 coincides with 
the location of the artificial-recharge 
sites along the front of the San Ber­ 
nardino Mountains. In the confined 
area, water-level rises are greater in 
the lower layer than in the upper 
layer. At the Sweetwater, City 
Creek, and Santa Ana River sites, 
the aquifer cannot absorb all the pro­ 
gramed artificial recharge under maxi­ 
mum conditions with existing recharge 
sites. The Badger and Patton sites 
can absorb the allotted amount, and 
Waterman Canyon-East Twin Creek is 
the only site that can absorb more 
than the allotted amount. Because 
Waterman Canyon-East Twin Creek is 
the closest to the lower Warm Creek- 
Santa Ana River area, however, 
excessive recharge could cause rising 
water once again in the formerly 
swampy lands.

The lower Warm Creek-Santa Ana 
River area (formerly swampy lands) 
would be affected by water levels 
rising to land surface as early as 1983 
under maximum recharge conditions 
and current pumping rates. The 
heaviest concentration of ground- 
water pumping has been in the con­ 
fined area south of San Bernardino. 
If pumping is greatly reduced in this 
area, water levels could rise regard­ 
less of the artificial-recharge pro­ 
gram. Any redistribution of pumping 
wells should be programed to inter­ 
cept most of the ground-water move­ 
ment to Warm Creek.

The model interrogations for this 
report were for only a selected num­ 
ber of specific management schemes. 
Other management alternatives can be 
appraised to predict varying distribu­ 
tion and location patterns under dif­ 
ferent amounts of recharge or dis­ 
charge if monitoring wells throughout 
the confined aquifer indicate that 
rising water levels are becoming a 
problem. The artificial-recharge pro­ 
gram must be flexible enough to re­ 
spond to yearly variations in water 
supply and demand. The model in 
conjunction with a well-defined data- 
collection program can be a valuable 
aid to planners.
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HYDRAULICS DATA FOR MODEL

Transmissivity Storage coefficient

Element 
No.

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

31
32
33
34
35

Upper 
layer 

(ft2 /d)

1,633
1,633
1,633
1,382
2,445

3,266
3,266
8,156
1,633

26

26
3,197
1,382

570
225

2,445
8,156

26
26

6,402

6,402
6,402
2,134

570
570

458
4,899
4,899
8,156
8,770

26
26

6,402
6,402
6,402

Lower 
layer 

(ft2 /d)

1,918
1,918
1,918
1,287
2,877

3,836
3,836
9,950
1,918

26

26
2,981
1,287

588
233

2,877 .
9,590

26
26

5,953

5,953
5,953
1,987

588
588

475
5,754
5,754
9,590
4,795

26
26

5,953
5,953
5,953

Upper 
layer

0.15
.15
.15
.15
.10

.10

.10

.10

.15

.15

.15

.15

.15

.15

.15

.05

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.05

.05

.05

.05

.10

.10

.10

.10

.10

Lower 
layer

0.10
.10
.10
.10
.01

.01

.01

.01

.10

.10

.10

.10

.10

.10

.10

.0001

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.0001

.0001

.0001

.0001

.001

.001

.001

.001

.01

Leakance 
coefficient 
([ft/d]/ft)

0.03
.03
.03
.03
.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03
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HYDRAULICS DATA FOR MO DEL--Continued

Transmissivity

Element 
No.

36
37
38
39
40

41
42
43
44
45

46
47
48
49
50

51
52
53
54
55

56
57
58
59
60

61
62
63
64
65

66
67
68
69
70

Upper 
layer 

(ftVd)

1,140
1,140

458
458
458

8,770
6,523
6,523
6,402
2,134

4,052
4,968
2,281
2,281
2,281

458
6,523

881
881

8,536

8,536
4,968
2,281
2,281

458

916
3,577
3,577
3,577
3,577

9,262
9,262

14,809
14,809
11,111

Lower 
layer 

(ftVd)

1,184
1,184

475
475
475

1,918
1,918
1,918
5,011
1,987

4,398
4,968
2,359
2,359
2,359

475
1,918

449
449

7,940

7,940
4,968
2,359
2,359

475

475
3,577
3,577
3,577
3,577

4,320
4,320

23,907
23,907
23,907

Storage coefficient

Upper 
layer

0.10
.10
.10
.10
.10

.05

.05

.05

.08

.08

.08

.08

.08

.10

.08

.10

.05

.05

.05

.05

.05

.08

.08

.08

.10

.10

.05

.05

.05

.05

.05

.05

.05

.05

.05

Lower 
layer

0.01
.01
.01
.01
.01

.0001

.0001

.0001

.001

.001

.001

.001

.001

.01

.001

.01

.0001

.0001

.0001

.0001

.0001

.001

.001

.001

.01

.01

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

Leakance 
coefficient 
([ft/d]/ft)

0.03
.03
.03
.03
.03

.0012

.0012

.0012

.03

.03

.03

.03

.03

.03

.03

.03

.0012

.0006

.0012

.0006

.0012

.03

.03

.03

.03

.03

.0003

.0003

.0002

.0002

.0002

.0002

.0002

.0003

.0003
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HYDRAULICS DATA FOR MOD EL--Continued

Transmissivity

Element 
No.

71
72
73
74
75

76
77
78
79
80

81
82
83
84
85

86
87
88
89
90

91
92
93
94
95

96
97
98
99

100

101
102
103
104
105

Upper 
layer 

(ft2 /d)

6,411
5,244
8,398

10,498
8,096

2,048
3,577
3,577
3,309
3,577

18,516
18,516
22,213
22,213
22,213

18,516
11,111
8,398
8,096
5,184

5,184
7,413
7,413

18,516
14,809

18,516
18,516
23,907
23,907
22,213

11,007
8,398
8,398
8,096
8,096

Lower 
layer 

(ft2 /d)

5,962
7,785

12,459
15,569

665

2,359
3,577
3,577
6,480
6,480

6,480
6,480

44,271
44,271
44,271

26,568
13,288
12,459

665
5,184

5,184
2,860
2,860
6,480
6,480

8,640
8,640

38,016
38,016
35,424

11,068
12,459
12,459

665
665

Storage coefficient

Upper 
layer

0.05
.05
.05
.08
.08

.08

.05

.05

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.05

.05

.05

.08

.08

.08

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.05

.05

.05

.05

.05

Lower 
layer

0.0001
.0001
.0001
.001
.001

.001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.001

.001

.001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.001

.001

.001

Leakance 
coefficient 
([ft/d]/ft)

0.0012
.0006
.0012
.03
.03

.03

.00015

.00015

.00015

.00015

.00015

.00015

.00013

.00012

.00013

.0002

.0002

.0004

.03

.03

.03

.00012

.00012

.00012

.00012

.00012

.00012

.0001

.0001

.00011

.0002

.0012

.03

.03

.03
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HYDRAULICS DATA FOR MO DEL--Continued

Transmissivity

Element 
No.

106
107
108
109
110

111
112
113
114
115

116
117
118
119
120

121
122
123
124
125

126
127
128
129
130

131
132
133
134
135

136
137
138
139
140

Upper 
layer 

(ft2 /d)

5,184
11,111
19,872
19,872
19,872

19,872
18,516
18,516
23,907
22,213

22,213
22,213
22,213
22,213
18,516

8,087
11,189
8,398
8,096
1,711

1,598
11,111
13,323
14,809
14,809

14,809
14,809
14,809
14,809
14,809

12,113
12,113
8,087

11,189
8,398

Lower 
layer 

(ft2 /d)

5,184
2,860
6,480
6,480
8^,640

8,640
38,016
38,016
38,016
35,424

35,424
35,424
35,424
35,424
19,872

8,078
2,454

12,459
665

1,771

2,359
2,860
6,480
6,480

35,424

35,424
35,424
35,424
35,424
35,424

16,148
16,148
8,087
2,454

12,459

Storage coefficient

Upper 
layer

0.08
.0001
.0001
.0001
.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.05

.05

.05

.05

.05

.08

.08

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.05

.05

.05

.05

.05

.05

Lower 
layer

0.001
.0001
.0001
.0001
.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.001

.001

.001

.001

.001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.001

.001

Leakance 
coefficient 
([ft/d]/ft)

0.03
.00012
.00012
.00012
.00012

.00012

.00009

.0001

.0001

.00011

.00011

.00011

.00011

.00011

.00015

.00024

.0006

.03

.03

.03

.03

.00015

.00015

.00015

.00009

.00011

.00012

.00011

.00011

.00015

.0002

.00024

.0003

.0006

.03
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HYDRAULICS DATA FOR MOD EL--Continued

Transmjssjvlty

Element 
No.

141
142
143
144
145

146
147
148
149
150

151
152
153
154
155

156
157
158
159
160

161
162
163
164
165

166
167
168
169
170

171
172
173
174
175

Upper 
layer 

(ft2 /d)

8,096
11,111
14,809
14,809
14,809

14,809
14,809
14,809
14,809
10,109

8,087
8,087

12,131
12,131
11,189

11,189
11,189
11,189
8,096
8,096

2,557
1,711
1,192
1,192
2,160

2,160
3,707
3,707
2,393

10,731

11,111
11,111
17,038
16,183
19,872

Lower 
layer 

(ftVd)

665
2,860
6,480

30,992
35,424

35,424
35,424
35,424
35,424
18,170

16,148
12,113
11,811
10,092
2,454

2,454
12,459
12,459

665
665

2,946
1,771
1,771
1,771
2,160

2,160
4,320
4,320
6,636

20,736

26,568
22,136
26,525
16,148
19,872

Storage coefficient

Upper 
layer

0.05
.0001
.0001
.0001
.0001

.0001

.0001

.0001

.0001

.05

.05

.05

.05

.05

.05

.05

.05

.08

.08

.08

.08

.08

.10

.10

.05

.05

.05

.05

.05

.0001

.0001

.05

.05

.05

.05

Lower 
layer

0.001
.0001
.0001
.0001
.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.001

.001

.001

.001

.001

.001

.001

.001

.001

.01

.01

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.0001

Leakance 
coefficient 
([ft/d]/ft)

0.03
.00015
.00015
.0001
.0001

.00012

.00013

.00017

.00017

. 00024

.00024

.0004

.0004

.0012

.0012

.0012

.03

.03

.03

.03

.03

.03

.03

.03

.0002

.0002

.0002

.0002

.00011

.0001

.00011

.00012

.00017

.00024

.0004
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HYDRAULICS DATA FOR MODEL — Continued

Transmissivity

Element 
No.

176
177
178
179
180

181
182
183
184
185

186
187
188
189
190

191
192
193
194
195

196
197
198
199
200

201
202
203
204
205

206
207
208
209
210

Upper 
layer 

(ftVd)

19,872
16,183
10,109
8,087
8,087

8,087
4,052
1,728
2,022
3,024

11,111
7,076

10,109
12,131
12,131

14,161
12,131
8,087
8,087
4,052

1,728
1,728
3,456
3,456
3,456

6,065
8,087
8,087
8,087
8,087

8,087
8,087

11,785
6,065
6,065

Lower 
layer 

(ftVd)

19,872
16,148
10,092
8,078
8,078

8,078
665

1,728
3,024
6,636

17,712
7,068

10,092
12,113
12,113

14,135
12,113
8,078
8,078

665

1,728
1,728
3,456
3,456
3,456

6,048
8,078
8,078
8,078
8,078

8,078
8,078
8,078
6,048
6,048

Storage coefficient

Upper 
layer

0.05
.05
.05
.05
.08

.08

.08

.10

.05

.05

.05

.05

.05

.05

.05

.08

.08

.08

.08

.10

.10

.10

.05

.05

.05

.10

.10

.08

.08

.08

.08

.08

.08

.08

.10

Lower 
layer

0.0001
.001
.001
.001
.001

.001

.001

.01

.0001

.0001

.0001

.0001

.0001

.0001

.0001

.001

.001

.001

.001

.01

.01

.01

.0001

.0001

.0001

.01

.01

.001

.001

.001

.001

.001

.001

.001

.01

Leakance 
coefficient 
([ft/d]/ft)

0.0004
.0006
.0012
.0012
.0012

.03

.03

.03

.00012

.00012

.00013

.00017

. 00024

. 00024

.0004

.0012

.03

.03

.03

.03

.03

.03

.00012

.00015

.00017

.0002

.00024

.0003

.0006

.0006

.0006

.0012

.0012

.03

.03
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\
HYDRAULICS DATA FOR MODEL--Continued

Transmissivity

Element 
No.

211
212
213
214
215

216
217
218
219
220

221
222
223
224
225

226
227
228
229
230

231
232
233
234
235

236
237
238
239
240

241
242
243
244
245

Upper 
layer 

(ft2 /d)

6,065
1,728

778
778
778

778
2,186
2,186
1,564
1,564

1,564
1,564
6,065
1,564
1,564

6,065
6,065
2,497
2,497
6,065

1,728
1,728
1,728
1,987
1,987

1,987
2,652
2,652
3,318
3,318

3,318
3,318
3,974
3,974
2,272

Lower 
layer 

(ft2 /d)

6,048
1,728

475
475
475

475
536
536
536
536

536
536

6,048
536
536

6,057
6,048
2,497
2,497
6,057

1,728
1,728
1,728
1,987
1,987

4,510
6,022
6,022
7,517
7,517

7,517
7,517
9,020
9,020
2,445

Storage coefficient

Upper 
layer

0.10
.10
.10
.10
.10

.10

.10

.10

.10

.10

.10

.10

.08

.10

.10

.10

.10

.10

.10

.10

.10

.15

.15

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

Lower 
layer

0.01
.01
.01
.01
.01

.01

.01

.01

.01

.01

.01

.01

.001

.01

.01

.01

.01

.01

.01

.01

.01

.10

.10

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

Leakance 
coefficient 
([ft/d]/ft)

0.03
.03
.03
.03
.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03
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HYDRAULICS DATA FOR MOD EL--Continued

Transmissivity

Element 
No.

246
247
248
249
250

251
252
253
254
255

256
257
258
259
260

261
262
263
264
265

266
267
268
269
270

271
272
273
274
275

276
277
278
279
280

Upper 
layer 

(ft2 /d)

86
86
86
86

104

156
467
467
933
933

2,497
2,497
1,728
9,331
1,089

778
778
778
104
976

976
1,944
2,333
2,333
1,555

778
778
121
121
778

778
484
484

1,037
1,037

Lower 
layer 

(ftVd)

86
86
52
52
52

60
354
354
665
665

2,445
2,497
2,497
9,331
1,089

778
778
778
104
976

976
1,944
2,333
2,333
1,555

778
778
130
130
778

778
69
69

1,555
1,555

Storage coefficient

Upper 
layer

0.10
.10
.10
.10
.10

.10

.10

.10

.10

.10

.10

.10

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

Lower 
layer

0.01
.01
.01
.01
.01

.01

.01

.01

.01

.01

.01

.01

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

Leakance 
coefficient 
([ft/d]/ft)

0.03
.03
.03
.03
.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03
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\
HYDRAULICS DATA FOR MODEL--Continued

Transmissivity

Element 
No.

281
282
283
284
285

286
287
288
289
290

291
292
293
294
295

296

Upper 
layer 

(ftVd)

1,037
484
242
181
181

484
484
484
544
484

484
1,236

173
1,236
1,236

1,236

Lower 
layer 

(ftVd)

1,555
432
164
78
78

69
69
69

588
432

432
1,037

147
1,037
1,037

1,037

Storage coefficient

Upper 
layer

0.15
.15
.15
.15
.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

.15

Lower 
layer

0.10
.10
.10
.10
.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

.10

Leakance 
coefficient 
([ft/d]/ft)

0.03
.03
.03
.03
.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

GPO689-143
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